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ABSTRACT: Devising effective degradation technologies for
perfluoroalkyl substances (PFASs) is an active area of research,
where the molecular mechanisms involving both oxidative and
reductive pathways are still elusive. One commonly neglected
pathway in PFAS degradation is fluorine atom migration in
perfluoroalkyl radicals, which was largely assumed to be
implausible because of the high C−F bond strength. Using density
functional theory calculations, it was demonstrated that 1,2-F atom
migrations are thermodynamically favored when the fluorine atom
migrated from a less branched carbon center to a more branched
carbon center. Activation barriers for these rearrangements were
within 19−29 kcal/mol, which are possible to easily overcome at
elevated temperatures or in photochemically activated species in
the gas or aqueous phase. It was also found that the activation barriers for the 1,2-F atom migration are lowered as much as by 10
kcal/mol when common oxidative degradation products such as HF assisted the rearrangements or if the resulting radical center
was stabilized by vicinal π-bonds. Natural bond orbital analyses showed that fluorine moves as a radical in a noncharge-separated
state. These findings add an important reaction to the existing knowledge of mechanisms for PFAS degradation and highlights
the fact that 1,2-F atom shifts may be a small channel for isomerization of these compounds, but upon availability of
mineralization products, this isomerization process could become more prominent.

1. INTRODUCTION

Perfluoroalkyl substances (PFASs) belong to an important class
of anthropogenic chemicals that have been deemed contami-
nants of emerging concern due to their persistence and extreme
resistivity to degradation.1 Their persistence has led to their
ubiquitous detection in aquatic environments,1 and low
concentrations detectable in drinking water have warranted
increased study due to potential human exposure. Thus, the
regulation of some of two widely utilized PFASs, including
perfluorooctanoic acid (PFOA) and perfluorooctanesulfonate
(PFOS), has become commonplace by regulatory agencies in
both Europe and the United States.2 However, elucidation of
the molecular mechanisms involved in the degradation and
remediation of PFAS compounds remains elusive and unclear
in the literature.
The recalcitrant nature of PFASs has been attributed to the

large C−F bond dissociation energy (>110 kcal/mol),3 which
contributes to the unique physiochemical properties of these
compounds including unique sorption behavior,4 vapor
pressure, hydrophobicity, lipophobicity, helical carbon back-
bones,5 and strong inductive effects on the pKa of acidic or
basic head groups.3,6 Structural diversity in PFAS, including a
wide variety of functional groups and variation of branched and
linear structural isomers, has also contributed to difficulty in
remediation and treatment.1 These unique physiochemical
properties have led to difficulties when employing a variety of

common remediation techniques including tertiary water
treatment, advanced oxidation techniques (AOTs), and
reduction methodologies.1,7−11 In most oxidation experiments
involving PFAS samples, PFOA and its shorter chained
analogues are commonly isolated as products. Consequently,
many unregulated PFASs could have indirect impacts by
producing more recalcitrant products during chemical trans-
formations such as PFOA.11,12 Chemical transformation from
one PFAS compound to another in the context of remediation
is also an active area of investigation, and several of these
mechanisms remain unexplored to date.10 Currently, AOTs
including UV photolysis,13−17 surface- and or metal-mediated
photocatalysis,18−22 sonolysis,23−27 electrochemical decompo-
sition,28−32 and persulfate oxidation12,33−37 have shown
promise to degrade PFOA and other PFAS compounds, but
so far, many have shown only lab-scale applicability.
The most commonly used technique for probing PFAS

degradation products and identifying unknown PFAS com-
pounds in a variety of matrixes is liquid chromatography
coupled with mass spectrometry (LC/MS),38−41 with electron
spray ionization (ESI) in negative ion mode.38 In these
environments, PFOA and its longer and shorter chained
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analogues are hypothesized to undergo 1,2-fluoride rearrange-
ments after the suggested loss of CO2, with these isomer-
izations being kinetically more favored than primary, secondary,
and tertiary β-scission processes.42 In fact, a number of mass
spectrometry studies have been dedicated to 1,2-F rearrange-
ments for a variety of fluorinated and perfluorinated
compounds and have noted its importance in obtaining
accurate results.43−45 A combined Si−C/graphene reductive
degradation approach showed that both perfluorinated carbon
radical and anion alkyl chains are produced via quanfirmation
exactive orbitrap mass spectrometry;46 previous LC/MS/MS
work (vide supra) indicates that these species could undergo
fluoride rearrangements. This could imply that 1,2-F radical
rearrangements could constitute a dominant kinetic pathway in
the degradation of some PFAS in an oxidative environment,
conceivably in persulfate oxidations, where a wide temperature
range, oftentimes exceeding 50 °C, is utilized.33,34,37

1,2-Radical rearrangements involving hydrogen atoms,47−50

and to a lesser extent with halogens such as chlorine,51 have
been studied extensively in a variety of chemical systems. Such
rearrangements have become useful in understanding the
mechanisms of various combustion reactions and reactions
carried out in high-temperature/high-pressure environments.52

The kinetic barriers of these rearrangements can exceed 60
kcal/mol in various conditions, for example, 1,2-H atom shifts
in aryl radicals.53 These reactions play an important role in
hydrocarbon combustion and are important mechanistically
because they affect the rate and product distribution of the
combusted products.54

Conversely, in the early 1970s, 1,2-migrations of a fluorine
atom were thought to be kinetically impossible, although
rearrangements of a fluorine atom in carbenes and radical ions
has been well documented.55 The least investigated of the
rearrangements, 1,2-fluorine atom shifts in radicals, have since
been hypothesized or directly measured in a diverse consortium
of chemical systems, both in the gaseous and the condensed
phases.56−59 For example, 1,2-fluorine shifts were observed in
the condensed phase via NMR for the tertiary fluorine adjacent
to a tertiary perfluorocarbanion.60 Furthermore, F atom
rearrangements in polyfluorinated cyclohexadienyl radicals
generated by photochemical decomposition or heating of
perfluoro-p-xylene and pentafluorobenzoyl peroxide was
observed via electron paramagnetic resonance (EPR).55,57,61

An early theoretical study by Fossey and Nedelec found the
activation barriers for 1,2-F and 1,2-H shifts to be 107 and 88
kcal/mol respectively, indicating that these processes would not
readily occur.62 Surprisingly, further studies on the 1,2-
migration of hydrogen and fluorine in •CF2−CHFT and
•CF2−CFHT radicals, where T is a tritium atom, found that
1,2-F atom rearrangements had lower barriers than 1,2-H atom
shifts.63 A series of complementary theoretical studies utilizing
INDO calculations also concluded that 1,2-F atom shifts were
more likely than 1,2-H atom shifts in a variety of fluorinated
ethyl radicals, cations, and anions.64,65 Because of the
controversy and elusiveness of the 1,2-F atom shift, coupled
with urgency to understand the molecular mechanisms of PFAS
transformations in the biosphere, it is extremely important to
understand and quantify the kinetics of 1,2-F atom shifts. As
1,2-F atom shifts have been proposed for a variety of
fluorinated and perfluorinated molecules, we posit that such
transformations may take place during the PFAS degradation
process or during their analytical measurement. As a result, a

thorough investigation of these rearrangements is immediately
warranted.
In this paper, we utilized electronic structure calculations to

examine the 1,2-F atom shift for a variety of perfluorinated
systems. As previously mentioned, experimental evidence for
these shifts has already been demonstrated in both analytical
detection (fluoride shift) and in high-energy environments;
however, these studies did not formulate an understanding of
1,2-F radical rearrangements with a consistent and systematic
approach. In our approach, we calculated the kinetic and
thermodynamic parameters of 1,2-F atom rearrangements in
radical perfluorinated molecules by varying the carbon chain
length, the position of trifluoromethyl (−CF3) substituents
(isomer effects), the influence of adjacent conjugation, and
possible assistance through small molecules. Furthermore, the
nature of the F atom shift was explored through partial atomic
charge calculations and spin population analysis to understand
the nature of the migrating fluorine. A systemic approach to
understand radical 1,2-F atom rearrangements and the affects
named above to our knowledge has not been elucidated in the
scientific literature.

2. COMPUTATIONAL METHODS

All of the calculations were performed using the Gaussian09
suite of programs.66 Initial geometry optimizations for 1,2-F
atom rearrangements were carried out using Becke’s three-
parameter hybrid exchange functional with the Lee−Yang−Parr
correlation (B3LYP) functional.67−70 In this work, extreme
chemical accuracy is not of paramount concern as we are more
interested in the trends elucidated through our systematic
approach. Minimum energy structures were characterized by
the absence of any imaginary frequency, while the transition
states (TSs) were identified by the presence of one imaginary
frequency. 1,2-F atom shifts from the TS structures were
followed to the product and reactant local minima via intrinsic
reaction coordinate (IRC) calculations.71,72 For consistency
and to obtain relatively accurate geometries and energies, the
triple-ζ, CBSB7 (6-311G(2d,d,p)) basis set were used for all
geometry optimizations, single-point calculations, and fre-
quency calculations. Split valence basis sets were shown to
comprise the best compromise between accuracy and computa-
tional efficiency for fluorine atom NMR chemical shifts using
the GIAO method and the B3LYP functional.5 This suggests
that the CBSB7 basis set in concert with the B3LYP functional
will be sufficient to describe the various systems herein.
Previous theoretical investigations into these rearrangements
observed that selection of the semiempirical method had a large
impact on the rearrangement kinetics.65 We posit that the same
dependence is possible using a suite of DFT functionals;
however, we have not investigated functional dependence in
this work. Last, the Integral Equation Formalism Polarizable
Continuum Model (IEF-PCM) of water (ε = 78.3553) was
used to implicitly mimic an aqueous environment and was used
in all geometry optimizations and frequency calculations.73

Using the potential energy surface and geometries from IRC
calculations obtained at each TS, single-point calculations using
the natural bond orbital (NBO 3.1, Gaussian 09(d))
method74,75 were used to probe the partial atomic charge and
spin densities of the atomic centers as the reaction proceeds.
The total spin density from the NBO results was computed as
the difference between the α and β spin densities for the atoms
of interest.
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3. RESULTS AND DISCUSSION

3.1. 1,2-F Atom Rearrangements in Perfluoroalkyl
Radical Systems. 1,2-F atom rearrangements were studied in
a series of perfluoroalkyl radical systems (Scheme 1). The
nature of the carbon radical center on the chain (primary (1°)
vs secondary (2°) vs tertiary (3°)) should have a prodigious
impact on the kinetic and thermodynamic profiles of these
rearrangements. The most internally consistent system is the
perfluoropentyl system (1C−5C), whose linear and branched
isomers comprise all of the possible 1,2-rearrangements: 1° to
2°, 1° to 3°, 2° to 2°, and 2° to 3° carbon centers.
Perfluoropropyl (1A) and perfluorobutyl (1B−2B) are also
included to compare any chain length dependency on the

rearrangement. Furthermore, F atom rearrangements for longer
chain length perfluoroalkanes, from C5 to C8, were used to
investigate chain length dependency of 1° to 2° shifts as well as
2° to 2° shifts in C8 compounds (vide infra).
For all of the cases considered, 1,2-F atom rearrangements in

perfluoroalkyl radicals were found to proceed via a three-
membered ring TS, as shown representatively for the
perfluoropropyl radical in Figure 1. In the TS, the migrating
fluorine is perpendicular to the plane of the carbon atoms,
residing at the midpoint between the two atoms. Early
computational investigations into free-radical migrations also
predicted similar bridged intermediates for various atomic
rearrangements such as chlorine and bromine.62 During the F
atom shift, the C−C bond length shrinks from a typical C−C

Scheme 1. 1,2-F Atom Rearrangements in Perfluoropropyl (1A), Perfluorobutyl (1B, 2B), and Perfluoropentyl (1C−5C)
Radical Systemsa

aBonds highlighted in red indicate the C−C bond over which the F atom migrates.

Figure 1. Reactant (R), three-membered ring transition state (TS), and product (P) geometries in the 1,2-F atom rearrangement of radical
perfluoropropane. Bond lengths shown are in Å. The C−C bond lengths are shown in bold. All calculations were performed using the B3LYP(IEF-
PCM)/CBSB7 level of theory.

Table 1. Thermodynamic Parameters, Enthalpy (ΔH) and Gibbs Free Energy (ΔG), As Calculated at the B3LYP(IEF-PCM)/
CBSB7 Level of Theory for 1,2-F Atom Rearrangements Shown in Scheme 1a

ΔH‡ ΔG‡ ΔH† ΔG† ΔH° ΔG°

1A 28.9 29.5 37.8 38.9 −8.8 −9.4
1B 27.8 27.8 38.2 39.1 −10.4 −11.3
2B 19.7 19.9 37.6 37.9 −17.9 −18.0
1C 28.9 (32.2) 29.3 (32.5) 38.7 (41.6) 39.9 (42.6) −9.70 (−9.4) −10.6 (−10.2)
2C 32.9 (34.8) 33.4 (35.5) 33.7 (35.6) 34.7 (36.4) −0.70 (−0.8) −1.30 (−0.9)
3C 27.2 (30.2) 26.9 (29.7) 39.1 (41.6) 40.4 (42.7) −11.9 (−11.4) −13.5 (−13.0)
4C 20.7 (23.6) 21.0 (23.9) 39.9 (42.0) 40.7 (42.8) −19.2 (−18.4) −19.7 (−19.0)
5C 29.0 (30.7) 30.1 (31.6) 37.7 (38.9) 37.9 (39.3) −8.60 (−8.2) −7.90 (−7.8)

aThe forward activation barriers are represented by ‡, while the reverse activation barriers are denoted by †. Forward thermodynamic reaction
energies are represented by °. Gas-phase results are given in parentheses for reactions 1C−5C for comparison purposes calculated at the B3LYP/
CBSB7 level of theory. Values are in kcal/mol.
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single bond (1.54 Å) to 1.37 Å, indicating that the C−C has
more double bond character. When comparing the reactant and
product geometries, the C−F bond length does not change
significantly, except for the C−F bonds connected to radical
carbons (Figure 1). In the reactant conformation, the radical
site has slightly smaller C−F bond lengths (1.325 and 1.323 Å)
relative to other CF2 (C−F ≈ 1.350 Å) and CF3 units (C−F ≈
1.330 Å). Similar results are observed for the product
conformation, except for the slightly shorter radical C−F
bond of 1.316 Å. In the perfluoropropyl system, the reaction of
moving the F atom from the middle carbon to a terminal
carbon atom is expected to be exothermic presumably because
the product radical is stabilized by the two adjacent CF3 groups
and is a secondary carbon radical. In this case, the C−C bonds
are each ∼1.500 Å away, which is slightly shorter than the •C−
C bond in the reactant (∼1.510 Å). The combination of the
shortening of the C−C bonds and the •C−F bonds in the
product and reactant complex are contributing factors to the
thermodynamic favorability of the 1,2-F shift in radical
perfluoropropane.
Table 1 shows that 1,2-F atom shifts between the various

carbons centers as shown in Scheme 1 are exothermic, with
negligible differences observed between gas and implicit solvent
calculations for 1C−5C rearrangements. It is worth noting that
the computed changes in enthalpy (ΔH°) and Gibbs free
energy (ΔG°) values were generally within 1 kcal/mol,
indicating that entropic effects were minimal in these systems.
The degree of thermodynamic favorability was directly related
to the change in the nature of carbon center bearing the radical
site during the reaction; 1° to 2° is less favored than 1° to 3°,
and 2° to 3° is similar in magnitude to 1° to 2°, and
rearrangements without a change in the degree of carbon center
(2° to 2°) are the least favored of the reactions in Table 1. The
2° to 2° rearrangements are nearly thermoneutral reactions,
and show a predicable reversibility in forward and reverse
activation energy barriers.
The kinetic parameters follow the same trends as the

thermodynamic favorability, with gas-phase barrier energies
typically 2−3 kcal/mol greater compared to those when an
implicit solvent is utilized. The shifts with the greastest change
in hyperconjugative groups between the product and reactant
showed the greatest kinetic impetuous to rearrange. The values
of the forward activation energy barriers for 1,2-F atom
rearrangements involving structural isomers of the perfluor-
opentyl system indicate that the degree of branching has the
largest effect on the forward activation barrier. The smallest
activation barrier for 1,2-F atom rerrangments involves radical
positions that have the largest change in radical order,
illustrated by the barrier energies for the branched isomer of
perfluorobutyl radical (2B). The smallest forward free energy
barrier energy was approximately 20 kcal/mol for a 1° to 3°
carbon radical shift (2B, Table 1). It is interesting to note that
the largest barrier was for the F atom shift from a 2° center to
another 2° radical center (2C, Table 1). The only difference
between the two 2° radical centers is the position of carbon in
the perfluoroalkyl chain. It is also important to observe that 1°
to 2° (1C) and 2° to 3° radical transfers (5C) had similar
activation barriers (28.9 vs 29.0 kcal/mol) due to the role of
steric hindrance in the latter case.
On the basis of these results, we could predict that

mutlihalogenated molecules bearing H, Cl, or Br may not
significantly affect the kinetics and favorability of 1,2-F
rearrangements as the change in carbon order is the most

dominant factor in these isomerization processes. Many
computational studies are dedicated to the 1,2-isomerization
products of hydrofluorocarbons (HFCs), chlorofluorocarbons
(CFCs), and other multihalogen alkanes in the gas phase as
these molecules are subject to high-energy conditions in the
upper atmosphere where these processes play a signifcant role
in the transformation of these molecules. For example, dihalo
shifts involving F−Cl,76−78 Cl−Br,79 and halogen−monovalent
small-molecule rearrangements80 are shown to be important in
the transfromation of these refrigerants, e.g., involing HF or
HCl elimination after 1,2-isomerization processes.79,81,82

Although F atom rearrangements are likely processes in
atmospheric conditions, the intent of this work is to relate
these processes to common oxidation techniques used to
remeditate PFASs in aqueous conditions, espeically the
perfluorocarboxylic acids (PFCAs).
The activation energies and thermochemistries provided in

Table 1 lend insight as to the degradation and stability of
PFCAs in the environment. For instance, when PFCAs are
degraded in an oxidative environment, shorter chain carboxylic
acids are typically produced as products.9 A strong oxidant,
typically perfsulfate, is used to facilitate the electron transfer
process producing a sulfate anion and an activated PFCA
molecule. In the case of PFOA, immediately after the initial
oxidation, CO2 is released and perfluoroheptyl radical is
produced. This is also observed from the perspective of LC/
MS/MS techniques, but only for negatively charged species.42

The barrier energies and thermodynamics associated with the
1,2-F atom shift provided in Table 1 indicate that these
rearrangements could take place at elevated temperatures and
in high-energy environments. Most persulfate oxidations are
carried out at elevated temperatures, typically 80 °C; therefore,
the probability of 1,2-F atom rearrangements occurring is
higher under these conditions; however, the reaction with
solvent molecules, other intermediate radicals such as hydroxyl
radical, or oxygen will compete with these isomerization
processes.
The propensity of certain structural isomers of PFASs,

especially PFOA and PFOS, to degrade more than others has
been highlighted in the relevant literature. Current literature
suggests that branched isomers of PFASs are likely to undergo
degradation at an increased rate compared to their linear
analogues as the trend of stabilities of perfluoro carbanions was
observed to be 3° > 2° > 1° for linear and branched PFOA in
LC/MS/MS.42 Furthermore, recent studies on the photolysis
of PFOS utilizing VUV−graphene quantum dot/silicon carbide
systems and PFOA using VUV−sulfite systems showed that
branched PFOS structural isomers had degradation rate
constants hundreds of times that of the linear analogues.83,84

Our results as shown in Table 1 indicate that the radical
produced at a less branched carbon has more kinetic drive to
undergo rearrangement to the neighboring more branched
carbon center. If a radical from an activated PFAS is present on
a tertiary radical carbon, that carbon is unlikely to undergo any
isomerization processes, at least from the perspective of 1,2-F
rearrangements. The stabilization via hyperconjugation may
provide further understanding of the degradation and
fragmentation processes of branched PFAS. In a recent study,
hyperconjugative interactions between σC−C and σ*C−F
molecular orbitals were found to be a dominant factor in the
helical nature of perfluoro-n-alkanes.85 On the basis of our
results from Table 1 and the literature, we anticipate a direct
relationship between stabilization through hyperoconjugation
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at the site of a perfluorocarbon radical and its stability
concerning further reaction. Such reactions have been
suggested by many experimental studies and may include
oxygen addition to the radical site,86 hydrolysis,16 and radical−
radical terminations with other radical oxidants such as
hydroxyl radicals.33 To probe radical movement within the
greater context of PFCA stability, 1,2-F atom rearrangements
were computed for perfluoroalkanes with varied chain length
and radical position.
To explore the impact of chain length on 1,2-F atom shifts,

we investigated the 1° to 2 °F atom shifts in C3−C8 systems.
Furthermore, 2° to 2° rearrangements were also investigated in
the C8 system to understand the possibility of radical migration
through the perfluoroalkyl chain. The significance of these
results was in turn understood from the context of
perfluoroalkane helical structures. Reaction energetics from
these computations are summarized in Table 2. It is clear that

the chain length is not a significant factor in the favorability and
kinetics of 1,2-F atom rearrangements. A small degree of
thermodynamic stability is gained through larger chain lengths;
however, the magnitude of the change is nearly insignificant
after four carbon linear chains. Activation barriers for the shift
are particularly unaffected by the presence of additional
perfluorinated carbons, indicating that the state of the carbon
radical (1°, 2°, etc.) in the reactant and TS has the greatest
effect on the activation energy barrier for the reaction. The
values computed in Table 2 allow us to evaluate the kinetic and
thermodynamic favorability of propagating a radical through
the chain. The last three entries in Table 2, namely, 8-2•, 8-3•,
and 8-4•, correspond to 2°−2° 1,2-F atom shifts in a C8
perfluoroalkyl chain where the shift initiates from the second,
the third, and the fourth carbon, respectively. It is evident form
these three entries in Table 2 that there is a mild impact of
radical position along the carbon chain if one looks at the
activation enthalpy of the reaction. However, the free energy of
activation makes it clear that there is no impact of radical
position at the rate of 1,2-F atom shift for these 2° to 2° shifts
presumably due to favorable entropic contributions by gradual
unfolding of the local helical structure. Consequently, this
emphasizes that the 1,2-F atom rearrangement is typically only

influenced by the local bonding environment, e.g., the carbons
directly adjacent to the site of rearrangement.
The reversibility of the kinetic barriers in the case of 8-2•, 8-

3•, and 8-4• may be attributed to the near-equal electron
withdrawal from the two adjacent carbons and is also reflected
in the near-equilibrium conditions thermodynamically. The
small fluctuations in these barriers could be due to dipole
moment alterations as you propagate further into the chain.
The near-zero favorability shown for the reaction may be
attributed to the energy required to contort the chain from its
lowest-energy conformation. It is evident that the degree of
substituents, or rather the degree of σ-hyperconjugation in the
product relative to the reactant, is a dominant factor in kinetic
and thermodynamic favorability for these reactions; however,
the degree to which π-conjugation affects the 1,2-F atom
rearrangement requires further attention.

3.2. 1,2-F Atom Rearrangements in Conjugated
Systems. Numerous literature investigations have elucidated
the chemical properties of conjugated perfluorinated molecules;
however, F atom isomerization processes in these systems have
not been subjected to a systematic study. Scheme 2 was
formulated to investigate the impact of conjugation on 1,2-F
atom shifts by using two model systems, allyl and benzyl
systems.

The goal of investigating these conjugated systems was to
determine if radical stabilization through π-conjugation affects
the kinetic and thermodynamic properties of 1,2-F rearrange-
ments to the same degree as seen with σ-conjugation in the
previous section. To reiterate, 1,2-F migration have been
proposed in the isomerization of aromatics such as in
perfluorocyclohexadienyl radicals.55 Furthermore, a few exper-
imental gas-phase studies of perfluoroalkenes have proposed a
1,2-F atom rearrangement as a viable kinetic pathway. The first
example concerns the photoisomerization of perfuoroallyl
radical, where the authors computed a 4.3 kcal/mol barrier at
the B3LYP/6-311G* level of theory, indicating that these
rearrangements would be kinetically favorable processes under
gas-phase conditions.87 Second, the rearrangement process is
also mentioned as a possible mechanism in the reaction of H
atoms with perfluorobutadiene, although the authors omitted
any significant discussion on this isomerization process.88 In
traditional nonperfluorinated systems such as triphenylmethyl
radical, aromatic stabilization can result in long-term
persistence of the radical due to steric hindrance and the
ability of the radical character to delocalize onto the aromatic

Table 2. Thermodynamic Parameters, Enthalpy (ΔH) and
Gibbs Free Energy (ΔG), for 1,2-F Atom Rearrangements
for 1° to 2° Radicals with Varying Chain Length
Perfluoroalkane Radical Linear Isomersa

chain length (Cn) ΔH‡ ΔG‡ ΔH† ΔG† ΔH° ΔG°

3 28.9 29.5 37.8 38.9 −8.8 −9.4
4 28.2 29.2 38.2 39.2 −10.0 −10.0
5 28.0 28.6 38.7 39.8 −10.7 −11.3
6 28.0 28.7 38.5 40.0 −10.6 −11.3
7 28.0 28.7 38.6 39.7 −10.6 −11.0
8 28.0 28.1 39.6 40.1 −11.6 −12.1
8-2• 33.4 34.1 34.6 35.6 −1.2 −1.4
8-3• 34.0 33.1 34.5 35.5 −0.5 −2.4
8-4• 34.7 35.6 34.7 33.4 0.04 2.1

aThe forward activation barriers are represented by ‡, while the
reverse activation barriers bear †. Forward thermodynamic reaction
energies are represented by °. N• in the last three entries indicates the
position of carbon from where the rearrangement begins. Values are in
kcal/mol as calculated at the B3LYP(IEF-PCM)/CBSB7 level of
theory.

Scheme 2. Radical 1,2-F Atom Rearrangements in Systems
Containing Allyl (D) and Vinyl (E) Functional Groupsa

aBonds highlighted in red indicate the bond over which the F-atom
migrates. R1, R2, and R3 substituents were modeled as CF3 and .
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moieties. Therefore, the stabilization produced through
conjugation could alter the persistence of perfluorinated
substances containing conjugated groups and contribute to
long-term stability. The substituents were chosen to evaluate
whether π-conjugation or substitution at the radical carbon (σ-
hyperconjugation) has a more dominant effect in these systems,
which are shown in Scheme 2.
1,2-F atom rearrangements occurring adjacent to π-densities

are likely to display a marked decrease in their forward barrier
energies, at least when the product complex is forming either a
benzyl (group D) or allyl radical (group E). The decrease in
barrier energy for π-conjugated 1° to 2° shifts (2D and 2E,
Table 3) is approximately 7 kcal/mol less when compared to
the analogous nonconjugated perfluoropropane case in Table 1.
The decrease in barrier energies is also mirrored by an increase
in reaction exothermicity, where the thermodynamic favor-
ability increases by ∼8 kcal/mol for benzyl-substituted
molecules and ∼12 kcal/mol for allyl substituents relative to
the perfluoropropane case (Scheme 1 and Table 1). The
increased favorability is not a commonality among all systems
in Table 3. The position and number of the substituent groups
play a significant role in determining the exothermicity of the
fluorine atom migration. Steric hindrance by CF3 groups near
the rearrangement site contributed to the lower reaction
favorability; however, this effect could be mitigated if the
reactant radical position had no substituent CF3 groups. For
example, 1D in Table 2 shows that the degree of branching in

the conjugated rearranged product benefits from both
stabilization through conjugation and a greater number of
substituent CF3 groups. This result is also mirrored in system
1E, which is kinetically and thermodynamically more favored
than 1D. Overall, it was observed that allyl substituents affect
the kinetics and thermodynamics of 1,2-F atom rearrangements
to a greater degree than benzyl substituents. Our recent work
on allyl and benzyl radicals compliments these results, where
we identified that benzylic radicals do not effectively delocalize
the radical relative to allyl radicals, leading to the conclusion
that the latter is thermodynamically more stable.89

Table 3 provides an interesting contrast to the alkyl radical
without any π-conjugation cases provided in Table 1. For
example, rearrangement in 4D shows a similar forward
activation energy barrier to that of the primary to secondary
shift encountered in cases of 1A and 1C, which suggests that
stabilization through π-conjugation only provides a minimal
amount of stabilization in group D systems while the benefit of
hyperconjugation by increasing the number of contributing CF3
could have equal or greater impact. Two interesting systems,
6D and 6E, show that moving to a less substituted carbon from
a highly substituted carbon results in an endothermic reaction
as well as that kinetic barriers are similar to 1° to 2° shifts in
perfluoroalkyl systems from Table 1. However, if 2° to 2° shifts
are compared between alkyl and allyl systems, the conjugation
decreases the barrier by nearly 8 kcal/mol, indicating that
conjugation still imparts a dominant kinetic drive to 1,2-F atom

Table 3. Thermodynamic Parameters, Enthalpy (ΔH) and Gibbs Free Energy (ΔG), for 1,2-F Atom Rearrangements for
Radicals in Perfluorinated Conjugated Systemsa

substituent

R1 R2 R3 ΔH‡ ΔG‡ ΔH† ΔG† ΔH° ΔG°

1D F F CF3 16.0 16.1 41.1 40.6 −25.2 −24.5
2D F F F 22.2 23.0 40.8 41.2 −18.5 −18.2
3D CF3 F CF3 25.6 26.6 41.2 41.4 −15.6 −14.8
4D CF3 CF3 CF3 30.1 30.6 36.2 36.5 −6.1 −5.8
5D CF3 F F 25.8 27.2 34.2 34.1 −8.4 −6.9
6D CF3 CF3 F 28.4 29.4 23.7 22.6 4.8 6.8
1E F F CF3 13.9 14.6 47.0 47.8 −33.1 −33.3
2E F F F 21.8 22.2 44.0 44.7 −22.2 −22.5
3E CF3 F CF3 22.0 23.8 41.8 42.8 −19.8 −19.0
4E CF3 CF3 CF3 26.7 27.4 39.0 39.3 −12.3 −11.9
5E CF3 F F 24.2 25.6 36.8 37.1 −12.6 −11.5
6E CF3 CF3 F 28.1 29.3 26.8 27.7 1.4 1.6

aThe forward activation barriers are represented by ‡, while the reverse activation barriers bear †. Forward thermodynamic reaction energies are
represented by °. R1 and R2 substituents are located on the outer carbon, while the R3 substituent is adjacent to the conjugated part of the
molecules, as shown in Scheme 2. Values are in kcal/mol as calculated at the B3LYP(IEF-PCM)/CBSB7 level of theory.

Figure 2. (a) TS conformations for 1,2-F atom rearrangement (a) in a perfluoropropyl system using HF assistance, (b) in a perfluoropropyl system
using assistance by two molecules of HF, (c) in a perfluoropropyl system using HF and H2O assistance, (d) in a perfluoroethylbenzyl system using
HF assistance, and (e) in a perfluorobutenyl system using HF assistance. All calculations were performed using the B3LYP(IEF-PCM)/CBSB7 level
of theory.
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rearrangements, even if highly branched substituents like 4E
and 4D show that the reaction becomes unfavorable under
these conditions. These systems elucidate the importance of
branching near the conjugated substituent and the type of
conjugation present, i.e., allyl or benzyl substituents, which is in
agreement with our previous results (vide supra).
3.3. Assisted 1,2-F Atom Rearrangements. Previous

studies have shown the importance of small molecules in
aqueous solution to assist 1,2-radical isomerizations. A notable
case is the 1,2-H rearrangement of methoxyl and benzoxyl
radicals, where it was shown experimentally90 and theoret-
ically91 that water molecules play a significant role in lowering
the activation barriers for the 1,2-H shift from an oxygen-
centered radical to a carbon-centered radical. Thus, the possible
role of solvent or foreign molecules in 1,2-F atom rearrange-
ments cannot be ignored. The molecules aiding 1,2-F atom
rearrangements depend on the solvent and molecular
composition in which the rearrangement is taking place;
however, they all share the ability to donate a F atom. For
instance, in PFAS oxidation, it has been shown that HF and F−

are produced as the chain is truncated by CF2 units through an
unzipping mechanism92 or through HF elimination from
various PFAS intermediates.33,37 Consequently, one or two
molecules of HF or a combination of HF and H2O were
utilized to model assisted 1,2-F atom rearrangements with
representative systems shown in Figure 2. It is conceivable that
other PFAS molecules or intermediates could also facilitate the
F atom shift; however, only small molecules were investigated
in this work. During the degradation of PFAS, the F−

concentration increases with time and may create a new
pathway for the oxidized PFAS, which may impact the
degradation of PFAS with time. The concentration of HF will
also be largely impacted by the pH of the solution (HF pKa =
3.14) and will only build to appreciable concentrations in
strongly acidic media.
The bond lengths for the TS structures in Figure 2a−c are

shown in Figure S1 (Supporting Information). In general, the
bond lengths for nonmigrating atoms are consistent in each
case, within 2% for all structures investigated. Small deviations
in bond length are noted for the migrating F atom above the
second carbon position, the bond length increasing in the
following series: H2O/HF < HF < 2HF (Figure S1). In the
mono-HF catalyzed case, the HF molecule will orient itself
perpendicular to the carbon−carbon bond, with the H atom
more associated with the F atom above the first carbon
position, its bond length approximately 10% elongated vs a
noncomplexed HF molecule. As the F atom rearranges, it
associates with the hydrogen of the HF molecule, while the
fluorine atom originating from HF bonds with the first carbon
center. The same mechanism is observed for the 2HF catalyzed
case; however, the HF molecules no longer orient themselves
perpendicular to the plane but rather in a plane that is 45° from
normal (Figure S1). The same tilt in assisting molecules is also
observed for H20/HF catalyzed rearrangements. All of the
small-molecule catalyzed rearrangements investigated in this
work all proceed in a concerted fashion. Analysis of the charge
and spin profiles provided in the subsequent section (section
3.4) imply that the bonds between the substrate and assisting
molecules are made and broken homolytically.
Thermodynamic and kinetic parameters for 1,2-F atom shifts

assisted by small molecules are summarized in Table 4. It is
clear that small-molecule assistance to the 1,2-F atom
rearrangement can influence kinetic barriers by a large degree.

However, the reaction enthalpy is mostly unaffected by changes
in the degree of assistance because the initial and final states of
the 1,2-rearrangements remain unchanged. In cases with alkyl
radicals, one and two HF molecules have a larger effect on the
barrier energies than a combination of HF and H2O molecules.
When H2O and HF assist the 1,2-rearrangement, the barrier
decreases by 3.8 kcal/mol, while a decrease of 7.4 and 9.7 kcal/
mol is computed for one and two HF assistance, respectably.
This result indicates that although water may influence the
kinetic barriers of the reaction, the shift is more likely to occur
when assisted by one or two HF molecules. At lower
concentrations of HF, it is more likely that HF and H2O
assistance will be the dominant reaction. Moreover, adding an
extra HF molecule to the rearrangement makes a smaller
difference compared to adding just a single HF molecule, not to
mention it would involve a significant entropic penalty;
therefore, rearrangements involving three HF molecules were
not investigated.
Although not shown in Table 4, modeled rearrangements

involving two HF molecules were attempted in allylic and
benzylic systems; however, an identical TS to the alkyl case was
not located in these cases due to the assumed repulsion of HF
molecules by the π-cloud. Likewise, the combined HF/H2O
shifts were not investigated in these systems; it is anticipated
that computed barriers would fall within the unassisted and
assisted cases for both systems. The HF-assisted rearrangement
in systems 2D and 2E nevertheless has a similar magnitude of
effect as in the two HF case in alkyl systems, which indicates
that HF assistance could be a much more prominent factor in
systems containing π-conjugation. The HF assistance in allylic
and benzylic radicals is significant, with computed ΔH‡

decreasing by about 6.5 and 10 kcal/mol when compared to
the unassisted case (Table 3), respectably.
To further investigate the impact of assistance on 1,2-F atom

shifts, we investigated 1° to 2° shifts in various perfluoroalkyl
systems with varied chain length. Reaction energetics for
various chain length alkyl systems as shown in Table 5 reassert
a previous conclusion that 1,2-F rearrangements are mostly
affected by the local bonding environment as both the TS
barrier energies and reaction favorability are mostly unaffected
by the presence of additional carbons. It is also reaffirmed that
the order of the carbon radical (primary, secondary, etc.) in the
reactant and TS have the greatest effect on the activation
energy barriers and favorability of the rearrangement. Similar

Table 4. Thermodynamic Parameters, Enthalpy (ΔH) and
Gibbs Free Energy (ΔG), for 1,2-F Atom Rearrangements
for Radicals in Perfluorinated Alkyl Systems with or without
Solvent Assistancea

system ΔH‡ ΔG‡ ΔH† ΔG† ΔH° ΔG°

1A-no assistance 28.9 29.5 37.8 38.9 −8.8 −9.4
1A-HF/H2O 25.1 29.8 35.4 41.4 −10.2 −11.6
1A-HF 21.5 25.4 30.9 34.8 −9.4 −9.4
1A-2HF 19.2 22.8 29.2 33.6 −10.0 −10.8
2D-no assistance 22.2 23.0 40.8 41.2 −18.5 −18.2
2D-HF 15.5 18.1 33.7 36.8 −18.2 −18.7
2E-no assistance 21.8 22.2 44.0 44.7 −22.2 −22.5
2E-HF 11.8 13.7 33.7 36.5 −21.9 −22.8

aThe forward activation barriers are represented by ‡, while the
reverse activation barriers bear †. Forward thermodynamic reaction
energies are represented by °. Values are in kcal/mol as calculated at
the B3LYP(IEF-PCM)/CBSB7 level of theory.
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results are noticed for the assisted shifts with one and two HF
molecules. Although a simple reaction, these calculations
suggest that electronic structure calculations on PFAS systems
with radicals can be successfully truncated to smaller carbon
systems, without sacrificing significant computational accuracy
or conclusions. However, this may not be generalizable for all
reactions and not for other properties such as van der Waals
interactions, which should scale with the length of the chain
increasing.
The thermodynamic favorability of unassisted and assisted F

atom shifts only minimally increased as the carbon chain was
elongated. Moreover, thermodynamic favorability of fluorine
migration when one or two HF molecule provide assistance
does not significantly change when compared to the unassisted
case. Nonetheless, the barrier energy of the reaction does have
slight dependence on chain length when barrier energies are
compared. As the chain length increases past C4, the difference
between the one and two HF-assisted cases remains unchanged
(Tables 5 and 2). This indicates that the presence of a longer
chain does not significantly impact the ability to recruit HF
molecules to the site of rearrangement. For the 2° to 2° shifts
shown in Table 5, the addition of a second HF molecule results
in no appreciable decrease in the forward activation energy
barrier, and the location of the 2° to 2° shift also has no impact
if one or two HF molecules facilitates the reaction. This may be
due to the F− repulsion between the fluorine on the
perfluoroalkane chain and the hydrogen fluoride molecule
assisting the rearrangement. The same is not true for the
reverse reaction, which involves the movement from a
secondary radical to a primary radical.
3.4. Nature of Migrating Fluorine: Charge and Spin

Analysis. Discussion so far suggests that 1,2-F atom shifts are

plausible in activated perfluoroalkyl radicals; however, it is not
clear if the fluorine atom migrates as a neutral atom or as an
anion. Being the most electronegative atom in the periodic
table, fluorine may migrate as a F− ion, a possibility that may
direct the elucidation of mechanistic pathways in the reductive
degradation of these compounds. Investigations of 1,2-F
rearrangements in organic reactions suggest that fluorine can
rearrange with a variety of charge and spin profiles, for example,
through carbocation and radical intermediates in fluoroep-
oxides93,94 and in complicated sequences involving multiple
steps for fluorine atoms on aromatic rings.58 To investigate the
nature of migrating fluorine, partial atomic charges and total
spin densities were obtained by analyzing the SCF electron spin
density and electrostatic potentials, shown in Figure 3, for
various geometries through rearrangement.
Figure 3a shows that the rearranging fluorine atom in the

perfluoropropyl system gains a noticeable amount of charge as
it proceeds through the TS to the product conformation. In the
rearranged product, the electrostatic potentials of the bound
fluorines are equal by a qualitative visual inspection.
Qualitatively, isosurface maps of the electrostatic potential
suggest that the fluorine atom gains a noticeable amount of
negative charge as it proceeds through the TS. In the case of
one and two HF-assisted F atom transfers, the electrostatic
density in Figure 3b,c, respectively, suggests that the charge
localization is similar in the TS but with sharing of the negative
charge between the migrating fluorine and the fluorine donated
by the HF molecule(s). The charge density does not seem to
change near the carbon radicals in the product and reactant
complexes in the HF-assisted cases; however, small amounts of
negative electrostatic potential are observed in the reactant and
in the product. As shown previously in Figure 1, the fluorine is
the most dissociated from the rest of the molecule in the TS,
with bond lengths exceeding 2 Å; therefore, it is expected that
charge localization on the migrating fluorine(s) would be the
greatest at this point during the reaction, which is observed for
all 1,2-F transfers shown in Figure 3. The insignificant increase
in the fluorine atomic charge density in the TS indicates that
the fluorine atom does not migrate via a charge-separated state.
Nonetheless, the charge is not the only factor in these
rearrangements as the SCF derived spin density provides us
insight into the actual radical transfer taking place in all three
rearrangements.
From the perspective of spin, Figure 3a shows that the

majority of excess α spin resides on the first carbon in the
reactant and on the second carbon in the product, which is not
an unexpected result and confirms that radical migration takes
place. In the TS, the spin density in Figure 3a is shared equally
among the three atoms involved in the 1,2-F rearrangement,
indicating that the fluorine also possesses some radical
character as it migrates across the C−C bond. The distribution
of the excess α spin is not as stark in the TSs of HF-assisted
rearrangements, indicating that the radical character may be
more localized on the carbon centers and less localized on the
moving fluorine atoms. The charge and spin profiles of HF
catalyzed rearrangements involve a mechanism in which the
fluorine originating from the perfluoralkyl chain is exchanged
with a fluorine from the small molecules through homolytic
bond breaking/making. As these isosurfaces were constructed
using the Mulliken populations, which is arguably a qualitative
and error-prone technique,95 we performed NBO analysis on
similar systems to explore this effect further, as shown in Figure

Table 5. Thermodynamic Parameters, Enthalpy (ΔH) and
Gibbs Free Energy (ΔG), for HF- and 2HF-Assisted 1,2-F
Atom Rearrangements for 1° to 2° Radicals with Varying
Chain Length Perfluoroalkane Radical Linear Isomersa

chain length ΔH‡ ΔG‡ ΔH† ΔG† ΔH° ΔG°

3−HF 21.5 25.4 30.9 34.8 −9.4 −9.4
3−2HF 19.2 22.8 29.2 33.6 −10.0 −10.8
4−HF 21.9 25.7 32.3 36.0 −10.5 −10.4
4−2HF 21.6 25.5 30.9 35.4 −9.3 −9.8
5−HF 22.2 26.5 32.4 36.9 −10.2 −10.4
5−2HF 20.5 24.2 31.2 36.0 −10.7 −11.8
6−HF 22.3 25.7 32.4 36.3 −10.1 −10.6
6−2HF 20.6 25.0 31.4 36.2 −10.8 −11.2
7−HF 22.3 25.8 32.4 36.6 −10.1 −10.9
7−2HF 20.6 24.4 31.4 36.5 −10.9 −12.1
8−HF 22.3 26.5 33.0 35.8 −10.7 −9.4
8−2HF 20.6 24.6 31.4 35.7 −10.8 −11.1
8-2*−HF 27.6 32.4 28.3 32.5 −0.7 −0.1
8-2*−2HF 27.9 32.4 28.5 32.4 −0.6 0.0
8-3*−HF 29.2 33.5 30.3 34.6 −1.1 −1.1
8-3*−2HF 29.5 34.4 29.6 34.8 −0.1 −0.4
8-4*−HF 29.4 33.9 29.4 33.9 0.0 0.0
8-4*−2HF 29.7 34.4 29.7 35.1 −0.1 −0.6

aThe * symbol indicates the radical carbon on which the
rearrangement begins. The forward activation barriers are represented
by ‡, while the reverse activation barriers bear †. Forward
thermodynamic reaction energies are represented by °. Values are in
kcal/mol as calculated at the B3LYP(IEF-PCM)/CBSB7 level of
theory.
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4, to gain a quantitative understanding of the spin density and
partial atomic charge associated with the migrating fluorine.
Partial atomic charges and atomic spin densities afforded

through NBO analysis shows that the fluorine atom migration
does not proceed through a charged-separated state for all three
cases (Figure 4). The partial atomic charge on the fluorine
atom does not significantly increase as the fluorine migrates to a
more energetically favorable position; however, the atomic spin
density on the fluorine atom changes markedly as it proceeds
through the TS and downhill toward the product. This is
somewhat contrary to the qualitative results provided in Figure
3, which appeared to have more partial charge localized on the
fluorine in the TS.
In the case of the unassisted rearrangement, the reactant

complex shows that a partial atomic charge between the two
carbons is not significantly different. As the F atom shift occurs,
the charge on the primary carbon (C1) increases and the
secondary carbon (C2) decreases. In the product complex, the
charge is consistent with the amount of fluorine atoms bound
to the carbons. As the fluorine shifts to the secondary carbon
position, a small amount of negative charge builds up, which
then decreases as the secondary carbon radical is established in
the product complex. The atomic spin density results show that
the majority of excess α spin is localized on the primary carbon
(C1) in the reaction. As the rearrangement begins, the spin
density on the primary carbon (C1) decreases while the
secondary carbon (C2) and fluorine atom spin densities
increase. At the TS, the total excess α spin density on the
fluorine is approximately 0.4 au, while the primary and

secondary carbons carry approximately 0.3 au spin each.
Once the F atom is transferred to the primary carbon center,
the spin is completely situated at the secondary carbon. The
trends in atomic spin density and atomic charge density
provided in Figure 4a are consistent with the fluorine atom
moving as a radical.
If the fluorine moved as F−, more charge would be associated

with the fluorine atom as the isomerization process occurs;
however, partial atomic charge on the fluorine atom at the TS is
not significantly different from the charges in the product and
reactant. Furthermore, the observed bell-shaped curve for
atomic spin density as the reaction proceeds reinforces our
conclusion that F moves as a radical. As with the unassisted
case, analyses of the assisted 1,2-F atom shifts (Figure 4b,c) also
show the charge between the two carbons is nearly identical as
two fluorines are bound by each carbon. As the HF-assisted 1,2-
F shift occurs, the charge on the primary carbon (C1) increases
and that of the secondary carbon (C2) decreases. In the
product complex, the charge is consistent with the amount of
fluorine atoms bound to the carbons. The fluorine associated
with the carbon in the reactant complex (F2) gains a small
amount of negative charge as the fluorine associates more with
the hydrogen of the assisting HF molecule. The charge of the
fluorine atoms remains unchanged as the reaction proceeds;
however, the fluorine originally associated with the HF
molecule loses a small amount of charge as it makes a bond
with the primary carbon (C2). The charge on the hydrogen
atom(s) was unchanged throughout the rearrangement process
in both HF-assisted cases, indicating covalent binding between

Figure 3. Electrostatic potential mapped onto the total electron density (isoval = 0.002) and the reactant, TS, and product conformations and the
corresponding (α−β) spin density distributions (isoval = 0.004) for (a) 1,2-F rearrangement, (b) HF-assisted 1,2-F rearrangement , and (c) two HF-
assisted 1,2-F rearrangement in radical perfluoropropane. The qualitative scale for the charge distribution is shown above. All calculations were
performed at the B3LYP(IEF-PCM)/CBSB7 level of theory.
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the fluorines and hydrogens. The charge profile of both HF-
assisted shifts (Figure 4b,c) shows that the moving fluorine
atoms have the same charge as the unassisted case. The three-
membered ring structure in the HF catalyzed TS becomes a
five-membered ring structure for the 2HF catalyzed case where
the fluorine atoms are much less associated with the carbons;
however, more charge is not localized on the nonassociated
fluorine atoms.

4. CONCLUSIONS AND INSIGHT INTO THE
MECHANISM PFAS DEGRADATION

A detailed and systematic investigation of 1,2-F atom migration
in the context of PFASs leads us to conclude that associated
activation energy barriers and reaction thermodynamics are
directly related to the number of substituents around the
carbon radical of interest between the reactant and product
complexes. In most cases, the 1,2-F atom rearrangement is an
exothermic, kinetically controlled process when more sub-
stituents (CF3 groups) can stabilize the product radical relative
to the reactant radical. This observation is attributed to the
hyperconjugation interactions provided through the substitu-
ents, or in other words, 1,2-F atom shifts are thermodynami-
cally favorable if the radical center in the product is more
substituted than the radical center in the reactant.
The 1,2-F atom rearrangements are suggested to occur for a

variety of perfluorinated substances; however, chain length was
not observed to play a major role in the kinetic and
thermodynamic profiles after four carbons were situated in a

linear chain. Because 2° to 2° 1,2-F atom rearrangements are
thermoneutral, F atom shifts in linear perfluoroalkanes are
plausible, which could have wide implications in the
degradation mechanisms and structural characteristics of these
linear chains including β-scission of carbon−carbon bonds. For
example, the degradation of various PFOA or PFOS isomers in
oxic or anoxic environments could be reasoned through the
ability for 1,2-F atom rearrangements to occur.
Hyperconjugation and the degree of branching was also

observed to play a major role in the kinetics and favorability of
perfluorinated substances containing benzylic and allylic
functionalities. The degree of branching and the availability of
the radical site to access nearby π-conjugation were a major
factor in both thermodynamic and kinetic favorability. In
general, in conjugated molecules with minimal CF3 branching,
the 1,2-F atom rearrangements were both more favored and
had less activation energies, with allylic functionalities having
slightly more favorable enthalpies of reaction and lower barrier
energies, indicating that these rearrangements are more likely in
these systems. Increasing the degree of CF3 substitution in
these conjugated molecules showed that hyperconjugation and
conjugation can have similar magnitudes of effect due to steric
factors and the ability to delocalize the radical near the
rearrangement site. Steric factors and the relative degree of spin
delocalization also contributed to making the allylic case slightly
more thermodynamically and kinetically favored rearrange-
ments compared to the benzyl analogues.

Figure 4. Partial atomic spin densities and total spin for points along the IRC as calculated at the B3LYP(IEF-PCM)/CBSB7 level of theory in the
(a) 1,2-F rearrangement, (b) HF-assisted rearrangement, and (c) two HF-assisted rearrangement in perfluorobutane. Values in (a) are shown for
visualization purposes. The red points represent NBO calculation on the optimized product and reactant complexes.
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Assisted fluorine atom migration through one or two HF
molecules and a combination of H2O and HF lowered
activation energy barriers for 1,2-F atom rearrangements in
all cases explored, which led to the conclusion that solvent or
mineralization products may facilitate the 1,2-F atom rearrange-
ment further, particularly in aqueous systems with a
combination of low pH and high amounts of F−. In an
oxidative degradation scheme, the experimentally suggested
mechanisms for PFOA degradation suggest that as more and
more HF is produced through elimination reactions the 1,2-F
atom shift could be more prevalent as the time of treatment
increases. The kinetics of these rearrangements in aqueous
solution would also be temperature-dependent, with higher
temperatures favoring faster kinetics for 1,2-F atom rearrange-
ments.
Partial atomic charges and spin density analyses suggest that

unassisted and small-molecule-assisted 1,2-F atom rearrange-
ments occur via a fluorine radical intermediate. NBO results
show that the partial atomic charge on the migrating fluorine
does not change significantly throughout the rearrangement
process, even in the case of small-molecule catalyzed rearrange-
ments, indicating homolytic bond cleavage and a concerted
mechanism.
We predict that 1,2-F atom rearrangements could be

prominent isomerizations in radical species of perfluorinated
molecules. Our study suggests that these reactions play a major
role in high-energy and high-temperature environments. These
isomerization processes may be a missing link in understanding
defluorination rates, environmental fate and transport, and
analytical detection and quantification of these compounds.
Therefore, these isomerization events should be considered in
most degradation PFASs processes, especially those that utilize
high-energy/high-temperature techniques involving UV/VUV
photons, sonolysis, and pyrolysis.
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