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ABSTRACT: Perfluoroalkyl carboxylic acids (PFCAs) are persistent and
ubiquitous pollutants. Environmental remediation is often achieved by
absorption on matrices followed by high-temperature thermal treatment to
desorb and decompose the PFCAs. Detailed product studies of the thermal
degradation of PFCAs have been hampered by the complex nature of
product mixtures and associated analytical challenges. On the basis of high-
level computational studies, we propose reaction pathways and mechanisms
for the high-temperature mineralization of a series of linear PFCAs with a
backbone length from C-4 to C-8. The favored initial reaction pathways are
nonselective C—C bond homolytic cleavages (with bond dissociation
energies of ~75—90 kcal/mol), resulting in carbon-centered radicals which
can undergo f-scissions (E, & 30—40 kcal/mol) which can be preceded by F
atom shifts (E, & 30—45 kcal/mol). In competing barrierless processes, the
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carbon-centered radicals can lose °F, resulting in the formation of volatile perfluoroalkenes (AH =~ S0—80 kcal/mol). A variety of
competing fragmentation processes yield shorter chain perfluorinated PFCAs, isomeric alkenes, alkenoic acids, alkyl, and alkyloic
acid radicals. The results provide the energetics for primary, secondary, and tertiary reaction products and insight into the
fundamental understanding of the pyrolytic pathways of PFCAs leading to their mineralization.

B INTRODUCTION

Although product elucidation and mechanistic schemes have

Perfluoroalkyl substances (PFAS) are a class of contaminants
raising serious safety concerns throughout the world.'~* Their
intrinsic properties make them exceptional candidates for a
tremendous number of applications, including use as fire-
fighting foams and nonstick coatings for cooking and food
packaging. These same properties also make them extremely
resistant to natural degradation and standard remediation
processes." Thus, PFAS are often referred to as Forever
Chemicals. In the United States, these compounds have been
ubiquitously detected in blood samples.”® PFAS are also
present across the globe even in the most remote parts of the
planet including our polar regions.”*

Numerous groups have studied the application of conven-
tional and nonconventional water treatments on PFAS.
Techniques including membrane filtration and sonolysis have
shown promise in the challenge for remediation of PFAS with
various levels of success.” PFAS-contaminated membranes,
activated carbon, and ion exchange resins need to be
regenerated. High-temperature pyrolysis processes are com-
monly used to regenerate PFAS-laden adsorbents.” Unfortu-
nately, there is limited knowledge about the nature and toxicity
of the PFAS thermal degradation pathways and byproducts.

© 2022 American Chemical Society

WACS Publications

8753

been proposed for thermally induced PFAS fragmenta-
tions,'*~"® previous reports are primarily limited to the initial
steps of the degradation and carried only on a limited number
of PFAS. Bond dissociation energies (BDEs) and thermody-
namic data have been calculated for the initial steps for several
classes of PFAS.'"'>'7'"=** A detailed study of the pyrolytic

processes leading to mineralization has yet to be reported.
Perfluoroalkyl carboxylic acids (PFCAs) are a problematic
subclass of PFAS that includes the legacy compound
perfluorooctanoic acid (PFOA). Here, detailed computational
studies were run to determine the energetics of competing
thermal degradation pathways, from the initial homolytic bond

cleavage to the mineralization of PFCAs.
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B COMPUTATIONAL METHODS

Density functional theory (DFT) calculations were carried out
using the @B97xD functional and the 6-311+G(d,p) basis
set.” In some cases, the G3(CC,MP2) model chemistry
approach®®”” was employed to refine single-point energies at
the @B97xD/6-311+G(d,p)-optimized geometries. The Gaus-
sian 09 software package was employed in the DFT and the
second-order Moller—Plesset perturbation theory (MP2) ab
initio calculations.”®> The MOLPRO software package”” was
utilized in the coupled-cluster calculations with single and
double excitations and perturbative treatment of triple
excitations (CCSD(T)).

The initial structures of PFCAs and their pyrolysis radical
products formed by homolytic cleavages of various bonds were
optimized, and the energies of the homolytic bond cleavages
were calculated.

The energetics of various pyrolytic pathways were
investigated. The transition state (TS) structures were
optimized for each reaction pathway featuring a distinct
barrier, in particular, for f-scissions and F atom migrations. For
example, for [-scissions, bonds subject to cleavage were
elongated by approximately a factor of 1.3, and the resulting
Cartesian coordinates were used as the initial estimate of the
TS geometry. In most cases, the 30% increase in the bond
length gives a guessed structure that converges to a TS during
geometry optimization. The connections of the TS structures
with appropriate local minima were subsequently verified by
using intrinsic reaction coordinate (IRC) calculations’””" or
by visualization of the normal mode corresponding to the
imaginary frequency using Avogadro.”>**

B RESULTS AND DISCUSSION

Detailed computational studies were carried out for linear
PFCAs containing from 4 to 8 carbon atoms in the alkyl chain
(Figure 1). BDEs critical for the assessment of homolytic

E (o] n=1  Perfluorobutanoic acid (PFBA)
02 )J\ n=2 Perfluoropentanoic acid (PFPeA)
FiC (o} OH n=3 Perfluorohexanoic acid (PFHxA)
Fy n=4  Perfluoroheptanoic acid (PFHpA)
n n=5 Perfluorooctanoic acid (PFOA)

Figure 1. Representative perfluoroalkyl carboxylic acids.

reaction pathways initiated during pyrolysis were calculated for
all C—C and C—F bonds for these PECAs. The C—O bonds of
the carboxylic headgroup have a higher bond order (in the case
of C=0) or higher bond strengths (112 kcal/mol for COO—
H of perfluoropentanoic acid, ~109 kcal/mol for the CO—OH
bonds of carboxylic acids)"*** and thus were not considered.

The BDEs were determined from the difference between the
zero-point energy (ZPE)-corrected electronic energy of the
initial molecule and the sum of the corrected energies of the
radical products. PFCAs are strong acids (pK, =~ 0) and can
exist in deprotonated or ionized form under environmental
conditions (pH ~ 6—8).”"** With this in mind, the BDEs for
the C—C and C—F bonds of the carboxylic acid and the
carboxylate forms are calculated and summarized below. The
BDE:s are significantly different for the acid and the carboxylate
forms. The trends in BDEs presented in Tables 1—4 are
summarized in two paragraphs below making the following key
points.

The C—C BDEs for the carboxylic acids are from 73.3 to
87.9 kcal/mol, generally lower compared to the carboxylate
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Table 1. C—C Bond Dissociation Energies (in kcal/mol) of
PFCAs

Fn (¢]
g c a
f S b OH
bond
chain length a b c d e f g

4 82.5 75.8 86.9
S 81.1 73.3 80.6 85.3
6 82.8 74.5 80.7 81.6 86.8
7 82.9 75.0 80.6 80.5 81.9 87.4
8 82.9 75.1 81.0 80.4 80.7 82.4 87.9

Table 2. C—C Bond Dissociation Energies (in kcal/mol) of
PFCA Carboxylate Ions

Fn (0]
g [S C a -
f b (@)
bond
chain length a b € d e f g

4 90.2 88.1 89.1
S 90.7 87.5 84.7 88.1
6 91.5 87.8 83.9 83.5 87.4
7 91.8 88.4 84.0 82.5 82.7 86.8
8 91.9 88.7 84.5 82.5 81.6 82.0 86.6

Table 3. C—F Bond Dissociation Energies (in kcal/mol) of
PECAs

Fn O
7 5 3
§ 6 4 2\ O
fluorine position
chain
length 2 3 4 S 6 7 8
4 101.8 109.3 116.8
S 100.8 106.7 107.1 116.8
6 102.3 107.2 106.1 107.8 117.0
7 101.3 106.7 105.9 106.4 109.0 117.0
8 102.3 108.5 106.0 106.2 106.3 107.7 117.5

Table 4. C—F Bond Dissociation Energies (in kcal/mol) of
PFCA Carboxylate Ions

Fn. O
7 5 3
§ & 1 2\°©
fluorine position

chain
length 2 3 4 S 6 7 8

4 107.8 108.2 118.6

N 108.0 106.0 108.2 1184

6 107.2 10S.8 106.7 108.0 117.9

7 107.3 105.7 106.3 106.4 107.9 118.4

8 108.2 105.8 106.2 106.1 107.8 107.9 118.3

ions which range from 81.6 to 91.9 kcal/mol. The acid forms
exhibit preference for cleavage f3 to the headgroup (bond b)
with BDEs = 74 =+ 2 kcal/mol regardless of the chain length.
The bond between the sp>- and the sp*hybridized C atoms
(Cyp3—Cypp bond a) in acid form have higher C—C BDEs with
nearly identical values (81.1—82.9 kcal/mol) and are

https://doi.org/10.1021/acs.jpca.2c06437
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independent of the chain length. The remaining internal C—C
bonds have BDEs ~ 80—82 kcal/mol, while terminal C—C
bonds have BDEs ~ 85—87 kcal/mol. In comparison to acid
forms, the preference for the f3 cleavage (bond b) is eliminated
for the carboxylate forms, internal C—C bond cleavages are
energetically favored by ~5—10 kcal/mol, terminal C—-C
cleavages are slightly disfavored (~87—89 kcal/mol), and
Cyp3—Cspa bonds (bond a) have the highest BDEs (~90—92
kcal/mol).

In all cases, the C—F bonds are stronger than the C—C
bonds. The C—F BDEs are generally lower for the carboxylic
acids, 100.8—117.5 kcal/mol, compared to the carboxylate
forms which range from 105.7 to 118.6 kcal/mol. The acid
forms exhibit preference for C—F cleavage f3 to the headgroup
(F in position 2) with BDEs = 101 = 1 kcal/mol regardless of
the chain length. The remaining internal C—F bonds have
BDEs &~ 106—109 kcal/mol with terminal C—F bonds being
the strongest, ~117 + 0.5 kcal/mol. In comparison to acid
forms, the preference for the f§ cleavage (F in position 2) is
eliminated for the carboxylate ions; the internal C—F bond
cleavages are comparable at ~106—108 kcal/mol, and terminal
C—F bonds have the highest BDEs of 118 + 0.5 kcal/mol.

We further rationalize the observed trends in the BDEs
considering that the BDEs reflect the stability of the products.
Cleavage of the terminal C—C bond generates carbon-centered
radicals, the trifluoromethyl radical, and a primary radical, *CF;
+ °CF,R. Carbon-centered radicals are inherently electron
deficient by definition using the octet rule. The presence of
powerful electron-withdrawing F atoms further destabilizes
carbon-centered radicals. With this in mind, the strongly
electron-deficient °CF; due to three powerful electron-
withdrawing F atoms will be among the least stable products
for homolytic bond cleavage pathways of PFCAs. Thus,
homolytic Cs%3—CSP3 cleavage pathways yielding *CF; have
higher BDE:s. ® The C—C BDEs for the formation of the
trifluoromethyl radical from the acid and the carboxylate forms
are similar (87 + 2 kcal/mol). However, in the case of the
carboxylate forms, the strongest C—C bond is C;—C,
(Table 2). While F atoms destabilize carbon-centered radicals,
the hybridization of the carbon is also an important
consideration in general. *Cg,; is more stable than °Cgy.
Thus, the carbon dioxide radical anion is even less stable than
the trifluoromethyl radical. When the resulting radical from the
carboxylate form is a (cleavage of bond b) to the headgroup,
the BDE increases by ~5—10 kcal/mol compared to the same
cleavage from the carboxylic acid forms. Resonance is another
key feature in the stability of the radicals. The delocalization of
the radical center due to resonance generally increases the
overall stability of the radical product. This suggests that the
anionic charge of the carboxylate ion destabilizes the radical by
mostly preventing resonance of the unpaired electron to the
C=0 group. The difference between the BDEs from the
carboxylate and carboxylic acid forms decreases to less than §
kcal/mol as one moves two or more C atoms away from the
headgroup.

Method Validation and Comparison with the Liter-
ature. The calculations are further verified using the
composite G3(CC,MP2) method for PFBA (Table 5). With
a mean absolute error of 6.3 kcal/mol and a mean relative error
of 6.4%, the ®wB97XD method predictions of the BDEs for the
C—F bond are accurate within ~$ kcal/mol and within ~4—9
kcal/mol for the C—C bonds (Table S). The maximal error is

~
~

~
~
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Table S. Bond Dissociation Energies (in kcal/mol)
Calculated at the ®B97XD and G3(CC,MP2) Levels

Fz o 3F7 9
C/M OH 4 F\OH
method
hond ®B97XD/6-311+G(d,p) G3(CC,MP2)" AE
a 82.5 87.1 4.6
b 75.8 84.9 9.1
[« 86.9 94.6 7.7
2 101.8 107.0 5.2
3 109.3 115.0 5.7
4 116.8 122.0 5.2

“G3(CC,MP2), optimized structures from wB97XD/6-311+G(d,p).

9.1 kcal/mol. These errors are in agreement with reported
errors for other hybrid DFT methods.””

The BDEs computed in the present study are compared with
the literature data mostly obtained using the B3LYP functional
and taking into account solvent effects (Tables S1—SS in the
Supporting Information).'”™'***7** There is a general agree-
ment between the values obtained for the C—C BDEs in the
carboxylic acid forms and the C—F BDEs in the carboxylate
forms. The C—C BDEs of the carboxylate forms show
differences of 3—12 kcal/mol, suggesting that the solvent
effects are more pronounced for the charged carboxylate forms.
Altarawneh calculated the unimolecular dissociation of PFBA
using a G3 method.'” When compared to the data obtained
here at the G3(CC,MP2) level, the differences do not exceed 1
kcal/mol (Table S3).

Secondary Degradation of the Radicals Created by
Homolytic Cleavage. Possible Reactions of the Radicals.
Our results illustrate significant differences in the BDEs of the
acid and carboxylates across the studied PFCAs while also
demonstrating clear structure—activity relationships (see
below). These BDEs are in general agreement with literature
reports at various computational levels, and we further verified
data employing higher level computations. There are, however,
very limited studies on the subsequent reaction pathways of
the carbon-centered radicals produced from homolytic
cleavages of PFCAs. Carbon-centered radicals typically react
via specific competing reaction pathways, notably a- and fS-
scissions, atomic shifts, or fragment losses as outlined below.
Note that F atoms are not explicitly labeled in the schemes
presented below unless this is needed for clarity.
a-Scission. Homolytic fragmentation at the radical center
generates a highly reactive carbene (Scheme 1). The carbene

Scheme 1. General Mechanism of a-Scission

F F t
)"\KF ) F F /i
— |F S~  — .t .
F LF R ]<RF F). R OF
carbene 1Y radical

can exist as a singlet or triplet spin ground state depending on
structural and electronic factors. Fluorine-substituted carbenes
typically have a singlet ground state.

P-Scission. Loss of a substituent vicinal to the carbon-centered
radical generates a double bond (Scheme 2).*

1,2-Shift. The 1,2-shift of the F atom to the carbon radical
center is often energetically favored (Scheme 3).*

https://doi.org/10.1021/acs.jpca.2c06437
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Scheme 2. General Mechanism of f-Scission

A — e —

alkene

o

Scheme 3. General Mechanism of 1,2-Fluorine Shift
FoF F

KPP

F Loss. The C—F bond adjacent to the carbon-centered radical
can be cleaved to form a new C—C 7 bond (Scheme 4).

Scheme 4. General Mechanism of Fluorine Loss

)%{—’H

alkene

Despite repeated attempts to identify the reaction pathways
and the TS leading to the loss of °F via fB-scission, the lack of
convergence suggests a barrierless process without a TS. The
resulting double bond can be cis or trans.

A variety of other pathways for transformation of radicals
were investigated, but the energetics indicated that such
processes are not competitive. The activation energies (E,) for
P-scission, °F loss, and F atom shift of perfluoroalkyl and
perfluoroalkyloic acid radicals were determined computation-
ally as detailed in Tables 6—9. Potential energy diagrams for
the decomposition reaction of the radicals studied here are
presented in the Supporting Information (Figures $2—S17).

Table 6. Activation Energies (in kcal/mol) for f-Scissions of
Perfluoroalkyl Radicals

W
3 1

position of radical

chain length 1 2 3 4
3 41.7%
4 37.3 37.4¢
S 35.6 33.8 37.9¢
6 34.9 32.3 34.1/37.8¢
7 35.4 321 32.3/36.1¢ 33.7

“Loss of *CF; radical.

To the best of our knowledge, B-scissions have previously
been reported for perfluoroalkoxy radicals via a photocatalytic
process in the presence of oxygen.”” The f-scission mechanism
is also in line with experimental data in the literature where
perfluoroethylene, among other perfluoroalkenes, has been
detected as a product of the pyrolysis of PFAS.*" Experimental
mass spectrometry data for the fragmentation of PFOA suggest
F shifts being the kinetic products compared to f-scissions."'
The energies calculated here for F shifts and f-scissions are
similar, suggesting both processes occur.

The f-scissions of the perfluoroalkyl radicals yield shorter
chain radicals and perfluoroalkenes with relatively low E,
(~32—42 kcal/mol) (Table 6). The p-scissions presented
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Table 7. Activation Energies (in kcal/mol) for the F Shifts
of Perfluoroalkyl Radicals

/w
3 1

shift in the unpaired electron position

chain length 1to2 2to3 3to4
3 35.8
4 374
S 35.5 44.3
6 35.4 38.9
7 35.4 39.3 394

Table 8. Activation Energies (in kcal/mol) for the f-
Scissions of Perfluoroalkyloic Acids Radicals

Foo o
AL
6 4 v oH
position of radical
chain length 2 3 4 S 6 7
3 38.4°
4 38.7¢ 3328 3327
5 34.1° 3714 2957 351t
33.4°
6 32.1° 32.8° 38.2¢ 326°  338°
329° 3127
7 32.5¢ 32.0° 34.7° 380° 2057 338t
321% 3137 33.0°

“Loss of *CF, radical. “Loss of perfluoroalkyloic acid radicals. “Loss of
perfluoroalkyl radicals. 9Loss of perfluoroethyloic acid radical.

herein lead to the formation of primary radicals and/or
trifluoromethyl radicals (designated with footnote a). Rela-
tively small energy differences of <10 kcal/mol are observed
among the different reaction pathways.

Activation energies of ~35 kcal/mol were calculated for F
shifts of the perfluoroalkyl radicals resulting in a primary-to-
secondary radical shift and ~40 kcal/mol for secondary-to-
secondary radical shifts (Table 7). The slight energy
differences observed between these processes are consistent
with the secondary radicals being more stable, thus requiring
higher energy to reach the TS leading to the product. Our
results are in accordance with Hoomissen and Vyas’s findings
reported for shorter chain perfluoroalkyl radicals (linear radical
with a backbone from C-3 to C-5).*

In the case of the f elimination of °F from perfluoroalkyl
radicals, the reaction does not have a TS (no E,). The
enthalpies were used to compare the energetics of competing
processes. The reaction enthalpies for loss of °F are ~55—60
kcal/mol except when a secondary radical results in a terminal
alkene, in which case the enthalpy is slightly higher, ~65 kcal/
mol (Table S6). The trifluoromethyl radical can only go
through an o elimination of °F, and the enthalpy of this
reaction (83.4 kcal/mol) is higher than the E, of f-scissions for
the other radicals. This suggests that f-scissions are more
probable reaction pathways, consistent with the literature on
the thermolysis of carbon-based polymers, where higher
temperatures are required for the a-scission pathways to be
competitive.42

https://doi.org/10.1021/acs.jpca.2c06437
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The energies for pathways yielding cis and trans alkenes are
the same within computational accuracy; thus, no selectivity is
anticipated (Table S9). The complete table of reaction
enthalpies for the loss of °F in perfluoroalkyl radicals can be
found in the Supporting Information (Table S6).

The w-perfluoroalkyloic acid radicals (Figure 2), where the
unpaired electron is at the terminal C, follow the same reaction
pathways predicted for the perfluoroalkyl radicals.

(0]
OH
m

Figure 2. Structure of the w-perfluoroalkyloic acid radicals

The activation energies for p-scissions, with loss of
trifluoromethyl radical (footnote a in Table 8) (~38 kcal/
mol), are modestly higher compared to other perfluoroalkyl
radicals (~33 kcal/mol). The perfluoroalkyloic acid radicals
that fragment by loss of a perfluoroethyloic acid radical
stabilized by resonance have the lowest observed E, of ~31
kcal/mol (footnote d in Table 8).

The activation energy for a primary to secondary (terminal
to internal) radical shift in the case of perfluoroalkyloic acid
radicals is lower than the secondary to secondary shifts by ~5
kcal/mol (Table 9). The F shift from C-3 to a carbon-centered

Table 9. Activation Energies (in kcal/mol) for the F Shifts
of Perfluoroalkyloic Acid Radicals

6 4 2 OH
shift in the unpaired electron position
chain length 3to2 4to3 Sto 4 6toS 7 to 6
3 30.1
4 34.4 32.6
N 33.8 36.9 34.7
6 35.0 36.8 40.4 344
7 33.1 40.8 40.7 39.4 33.7

radical at C-2 has a lower E, than other secondary to secondary
shifts because a resonance-stabilized radical is produced.
Several attempts to calculate the scission resulting in the
formation of a ketene and the loss of a hydroxyl radical were
unsuccessful, suggesting such pathway is not competitive.

To the best of our knowledge, the °F losses in these
perfluorinated radicals have not been previously reported. The
enthalpy for the loss of °F in the perfluoroalkyloic acid radicals
is ~50—60 kcal/mol. The formation of terminal perfluor-
oalkenoic acids has a higher enthalpy (~68 kcal/mol) when
the starting structure is a secondary radical compared to
primary radicals (Table S7). The difference in enthalpies
reflects the stability of the primary versus the secondary radical.
The enthalpies for °F loss from C-3 radicals to form
perfluoroalk-2-enoic acids are the lowest among the enthalpies
for °F losses of a perfluoroalkyloic acid radical, consistent with
the increase in stability due to the conjugated 7 system in the
perfluoroalkenoic acid formed. The carbon-centered C-2
radicals are also resonance stabilized, and the effect of
resonance stabilization is less pronounced. The complete
table of reaction enthalpies for the loss of °F in
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perfluoroalkyloic acid radicals can be found in the Supporting
Information (Table S7).

Fate of the Perfluoroalkenes. Perfluoroalkenes are stable
and commercially available in gas or liquid form. Perfluor-
oalkenes are one of the identified byproducts of low-
temperature decomposition of PFCA salts along with carbon
dioxide.'®" The simplest member of this group, perfluoro-
ethylene (tetrafluoroethylene), is the monomer of polytetra-
fluoroethylene (PTFE or Teflon). Experimental data on the
thermal degradation exist for perfluoropropene™ and per-
fluoroethylene and suggest rearrangement or polymerization,*
but many of the reaction pathways and products are
unidentified.*> Computational and experimental data exist for
the C=C BDE of 4perﬂuoroethylene and are in agreement with
our results below."

The C—C and C—F BDEs for the perfluoroalkenes were
calculated, and the magnitude is similar to the BDEs for
PFCAs (Tables 1,2, S11, and S12). The reaction pathways and
byproducts of the degradation of the perfluoroalkenes were
analyzed for subsequent degradation pathways.

Adiabatic and Diabatic Bond Dissociation Energies.
Breaking the C=C bonds of the perfluoroalkenes can follow
a diabatic or an adiabatic cleavage pathway. An adiabatic bond
cleavage calculation analyzes the reactants and products on
their ground state, while a diabatic cleavage considers the
bonding configuration of the reactant to define that of the
products. Difluorocarbene is a ground-state singlet that does
not have the correct spin configuration to form the ¢ and 7
bond of the perfluoroethylene.**® The diabatic BDE will then
be of a singlet state double bond giving triplet carbenes (Figure
3). The BDEs obtained for the perfluoroethylene are in
accordance with Feller et al.*®

F
Adiabatic N F _ Diabatic E F
cleavage F cleavage
F

Figure 3. Diabatic and adiabatic cleavage products.

The C—F bonds (~96.7—133.6 kcal/mol) are stronger than
the C—C bonds (~74.7—105.5 kcal/mol) of the perfluor-
oalkenes (Tables S11 and S12). The weakest C—F bonds
(~96.7—99.3 kcal/mol) and C—C bonds (~74.7—76.2 kcal/
mol) lead to a resonance-stabilized perfluoroalk-1-en-3-yl
radical (Figure 4). The cleavage of the C—C bond yielding a

N

Figure 4. Structure of the perfluoroalk-1-en-3-yl radicals.

trifluoromethyl radical (or an *F with a primary radical from a
C—F bond rupture) and the resonance-stabilized perfluor-
oprop-1-en-3-yl radical requires 5—10 kcal/mol more
compared to analogous cleavage in longer chain perfluor-
oalkenes as the products that are formed in that case are less
stable. Among the strongest bonds are the Cy,,—F (BDE ~
122—123 kcal/mol), which will yield generally the least stable
vinyl radical products. Blanksby and Allison have shown a
similar trend for alkanes where there is an ~30 kcal/mol
difference between the sp-hybridized C bound to H (Cy,—H)

and the C,;—H BDE."
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The perfluoroalkenes undergo predominantly fragmenta-
tions at the C—C bonds (Tables S11 and S12). The alkenes
with at least 4 carbons form perfluoroalkenyls with loss of a
perfluoroalkyl radical. Perfluoropropene has C—C BDEs
similar to C—F BDEs, making the compound stable enough
until there is enough energy to break even the C—F bonds. In
the case of perfluoroethene, the C=C BDE is higher than the
C—F BDEs by more than 40 kcal/mol, suggesting the need for
more energy to break this compound.

The perfluoroalkenyl radicals are subject to p-scission
(Table 10), F shift (Table 11), or °F loss (Table S8). The

Table 10. Activation Energies (in kcal/mol) for the f-
Scissions of Perfluoroalkenyl Radicals

Fn
5 3 _
6 4
position of radical
chain length 3 4 S 6

3 67.8
4 42.5¢ 48.2 34.1
S 39.9 37.9°/67.8 29.7 36.7

“Loss of *CF; radical.

Table 11. Activation Energies (in kcal/mol) for the F Shifts
of Perfluoroalkenyl Radicals

shift in the unpaired electron position

chain length 4to03 Sto4 6toS
3 30.1
4 325 35.4
S 32.8 39.1 354

perfluoroalkenyl radicals follow analogous processes as the
perfluoroalkyl radicals: Activation energies reflect relative
product stabilities, with the most stable being molecular
species and/or a resonance-stabilized radical, with E, & 30—40
kcal/mol. The formation of a vinyl radical (Cspz—centered
radical) requires the highest energy (~50—70 kcal/mol).

The E, values for the F shifts are about the same within the
series (~33—3S kcal/mol). The °F-loss reactions show
insignificant difference between cis and trans isomers (Table
S13). With reaction enthalpies of ~55—70 kcal/mol, the °F
losses show the same trend as described previously: it takes
more energy to form a terminal alkene from a secondary
radical than a primary one; when the diene obtained is
resonance stabilized, the enthalpy is lower; the enthalpy
increases (by ~10 kcal/mol) when the final product and the
starting radical are resonance stabilized compared to when the
starting radical is not stabilized. The complete table of reaction
enthalpies for the loss of °F in perfluoroalkyl radicals can be
found in the Supporting Information (Table S8).

B CONCLUSIONS

The study of the homolytic bond cleavages in PFCAs in acid
and anionic forms followed by secondary rearrangement and
decomposition reactions detailed above helps to fill a
knowledge gap in the literature and contributes to under-
standing how other products can be formed from the
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degradation processes of the primary radical products in
pyrolysis.

In summary, the favored initial degradation pathways are
nonselective C—C bond homolytic cleavages (with bond
dissociation energies of ~75—90 kcal/mol). Next, the
perfluoroalkyl radicals can go through competing reaction
pathways, including fluorine shifts or losses and f-scissions,
and usually end up forming perfluoroalkenes and shorter chain
radicals such as perfluoromethyl or perfluoroethyl. The
calculations have shown that the same reactions hold for the
perfluoroalkyloic acid radicals. These end up forming
perfluoroalkenoic acids, perfluoroalkenes, and shorter chain
perfluoroalkyl radicals. With regard to larger linear PFCAs with
n > S, our results here for smaller species indicate that an
increase of the carbon chain length had a minimal effect on the
BDEs of the medial C—C and C—F bonds. Similarly, the
secondary degradations of the generated radicals are energeti-
cally and mechanistically comparable. This suggests that the
longer chains would behave in a similar fashion.

The energy needed for the first bond cleavage in PFCAs is
enough to degrade the byproducts of the reaction. The tertiary
degradation processes were analyzed for the perfluoroalkenes.
The results showed that perfluoroalkadienes form along with
shorter perfluoroalkenes and perfluoroalkyl radicals. The
studied reaction mechanisms and energetics provide insight
into the fundamental understanding of the pyrolytic pathways
of PFCAs leading to their mineralization. The mechanisms
presented herein could be used in future calculations of
pertinent reaction rate constants and in kinetic modeling
aimed to determine the competitiveness of these reactions
against other proposed mechanisms. While typical pyrolysis
conditions might not be directly applicable to environmental
degradation conditions, the products identified here might help
in the identification of byproducts of other degradation
techniques and should prove helpful in the development of
more efficient techniques for the removal of these Forever
Chemicals from the environment.
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