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ABSTRACT 

 

 Chemical scientists catalyze technological innovations across numerous disciplines in 

modern society. To some environmentalists, however, it’s evident that our inventions can do more 

harm than good. A lack of hindsight and foresight continually plague human progress as ongoing 

chemical pollution accompanies our technological discoveries and destroys the biosphere. Our 

deficiency in these aspects is consequentially related to our poor understanding of the fundamental 

physiochemical properties of recalcitrant compounds. This continues to stymie our engineering 

efforts to mitigate the harm of environmental pollution. To fill these knowledge gaps, my research 

focused on elucidating and contextualizing the chemical mechanisms associated with the 

remediation and destruction of persistent organic pollutants. Perfluoroalkyl substances (PFASs), 

anthropogenic contaminants of emerging concern, will be the subject of a large fraction of this 

work and are extensively described from a physical-organic perspective. A fundamental premise 

of this work the application of complementary experimental, computational and spectroscopic 

techniques can facilitate a bottom-up molecular approach to tackle these macroscopic existential 

problems.  

            PFASs are a class of compounds which have one or more perfluorinated alkyl chain(s) 

attached to a diverse and extensive set of organic functional groups. Because of the unique 

properties of C—F bonds, these compounds are utilized in numerous commercial, industrial and 

pharmaceutical applications, and their continued use in these aspects constitutes billions of dollars 

in economic value. Their economic and technological usefulness is offset by their inability to 

biodegrade in the environment, and subsequently, biosphere wide contamination of fluorinated 

compounds has emerged as a worldwide dilemma. Much has been done to quantify the risk of 

PFASs and understand the degree to which they are released into the environment. Recently, 

bench-top investigations utilizing photochemical techniques have shown promise to degrade 

PFASs; however, to date, degradation-based methods are not implemented on larger scales. 

 To this end, this thesis is focused on a synergistic computational-experimental approach to 

understand the degradation mechanisms of fluorinated organic contaminants, especially those 

associated with UV-mediated redox chemistry. First, many fundamental properties of PFASs are 
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described, from their synthesis, to their use and destruction. Next, I will describe our approach to 

predict the ability for Co(I)-catalysts to reductively cleave C—F bonds in PFASs. This is followed 

by developing an understanding about their redox behavior and the subsequent isomerization 

reactions of activated degradation intermediates. Inspired by our work on isomerization events in 

fluorinated radicals, parallel methods were also used to describe the relative stability of other 

environmentally relevant radical species, allyl and benzyl radicals.  

 Density functional theory (DFT) was imperative to understand the vital attributes for each 

component of this thesis and was essential in the development of structure activity relationships 

for a broad suite of PFASs. In short, the polar functional group and the chain length of the 

perfluoroalkyl acids was found to govern which C—F bond would cleave under reductive 

conditions. In conjunction with DFT, ongoing development of laser flash photolysis techniques 

will support the measurement of the reduction rate constants between PFAS and UV-generated 

hydrated electrons and complements ongoing work to compute the rate of electron transfer with 

Marcus theory. These methods will help us improve our understanding of existing practices for 

the remediation of PFASs and could facilitate the development of novel technologies to remediate 

a wide-range of PFASs-impacted natural waters.  
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CHAPTER 1 

INTRODUCTION TO PFASs: CONVENIENCE AND CONSEQUENCE 

Chemistry as a scientific discipline has by-and-large created some of the greatest 

technological innovations of our time. The ever-increasing list of compounds synthesized or 

discovered increases the chemist’s ability to catalyze innovations in many fields and gives 

humanity an ever-increasing ability to control natural processes. However, the drive for innovation 

and technological success is continually hindered by our limited foresight into the impacts that 

parallel our quest for modernization and progress. One of the most striking impacts of our 

capitalistic-driven modernization is widespread chemical pollution of the biosphere. The 

foundations of the modern environmental movement and establishing a skeptical view of chemical 

use is oftentimes credited to Rachel Carson’s work, Silent Spring, which documented the 

harrowing impacts of the insecticide dichlorodiphenyltrichloroethane (DDT) on all aspects of 

ecosystem health.1 This focus on the negative effects of anthropogenic molecules on the 

environment continues today; however, the vast number of compounds created in the past century 

has made it extremely difficult to devise effective strategies for mitigating the adverse aspects of 

our chemical creations.  

Halogenated molecules like DDT are one of the largest class of compounds with well-

documented deleterious effects to many aspects of environmental health, from the aquatic to 

atmospheric. Chlorinated compounds, such as DDT and others, have found numerous applications 

in industrial, medical and consumer goods; however, microbial life and (in)organic natural 

processes have difficulty in degrading molecules containing halogens.2 This ultimately leads to an 

accumulation of these compounds in the environment in specific contexts. Despite our willingness 

to adopt the newest and greatest chemical inventions, environmental concerns are not immune 

from world-wide focus. One of the most poignant examples of the worldwide effects of pollution 

from halogenated materials is the depletion of the ozone layer via chlorine-containing refrigerants.3 

Following a global political and social response to decrease the impact to the ozone layer, scientists 

then devised novel refrigerants, hydrofluorocarbons (HFCs) to lessen the flux of chlorine radicals 

produced from the photolysis of the now-banned chlorofluorocarbon (CFCs) refrigerants. 

Unfortunately, these and other fluorinated materials have been shown to be especially recalcitrant 

to degradation by natural atmospheric processes and biodegradation by plant, animal and microbial 
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life in the terrestrial and aquatic arenas. Furthermore, these fluorinated materials were also found 

to have much greater global warming potentials and their harmful consequences become an 

essential focus of environmental chemists and engineers across the globe.  

The utility of fluorinated materials, fundamental aspects of their electronic and 

physiochemical processes will be the first focus of this thesis, with special attention paid to the 

perfluoroalkyl substances (PFASs) and mitigating their negative environmental impacts. The 

overarching goal of this work is to elucidate the degradation pathways following electron loss or 

gain (oxidation and reduction) which is currently not viewed as a practical approach to remediating 

environmental matrices polluted with PFASs. Understanding the fundamentals of perfluoroalkyl 

substances is a paramount focus of this dissertation and cannot proceed without describing their 

very diverse and complicated chemistry, which is described in detail in this chapter.  

1.1  The Chemistry of (Per)Fluorinated Materials 

1.1.1 Defining the Chemical Class 

 Perfluoroalkyl substances or PFASs are a class of compounds typically recognized by one 

or more perfluorinated alkyl chain(s) attached to a diverse subset of organic functionalities. The 

general formula for PFASs could be represented as RF‒X, where RF is the perfluorinated carbon 

backbone (CnF2n+1) and X is an organic functionality with several examples. One of the largest and 

most notorious class of PFASs are the perfluoroalkyl acids (PFAAs), where X is typically an acidic 

head group such as sulfonate (RF‒SO3
-) or carboxylate (RF‒CO2

-). Analogs of these two acidic, 

surfactant molecules comprise numerous of PFASs, including the highly studied and 

environmentally recalcitrant, eight carbon structures of perfluorooctane sulfonate (PFOS) and 

perfluorooctanoic acid (PFOA). Figure 1.1 shows the large diversity contained with the PFASs 

class of molecules.4 All PFASs shown in Figure 1.1 except the fluorotelomer (RF‒CH2‒CH2‒X) 

based substances do not contain any substance that can be described as ‘fluorinated’ or ‘poly-

fluorinated’ as these compounds do not contain an alkyl carbon chain containing exclusively 

carbon and fluorine. In the literature, there is a push to adopt the PFASs naming convention 

compared to the out of date nomenclature ‘perfluorinated compounds’ (PFCs) is an attempt to 

differentiate between these so called ‘fluorinated’ or ‘poly-fluorinated compounds’ and PFASs.  
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Figure 1.1. Origin of various PFAS materials based on the common backbone, with the number of 
peer-reviewed articles shown since 2002. Compounds in red are regulated by 
governments/agencies. Taken from Wang et al.4 

 

This vast class of organofluorine compounds, illustrated in Figure 1.1, are utilized in 

numerous commercial, industrial and pharmaceutical aspects.5,6 Polymers, surfactants, 

agrichemicals and refrigerants are some of the most produced classes of PFAS globally and 

constitute billions of dollars in economic value. The use of these materials in membranes, such as 

Nafion® and others, has been extensively.7–9 Likewise, our extensive use of fluoropolymers, such 

as polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF), has led to an explosion of 

research into these materials.10,11  

Although fluorine has no known metabolic purpose in humans, nearly a quarter of 

pharmaceutical compounds contain at least one organofluorine bond, due to favorable structural 

characteristics provided by C‒F bonding, vide infra. Synthesis of fluorine containing molecules 
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for medicinal application can also be found in a variety of published reviews.12–14 Artificial bloods, 

contrast agents for medical diagnostics, and ‘exploiting’ fluorination enzymes such as fluorinase 

are notable uses of PFAS in medicine.15 The use and production of perfluorinated compounds in 

these sectors has risen steadily over the past few decades; however, certain environmental and 

biological harms associated with their use16,17 coupled with the emergence of newer classes of 

PFAS18 has led to significant established regulations and outright bans.  

1.1.2 Biological and Ecosystem Impacts 

Biosphere level contamination of fluorinated compounds has become a worldwide 

dilemma19, having significant implications in both biosphere health and human illness. Many 

works in the past few years have attempted to quantify the risk of PFAS and understand the amount 

of these compounds we release into the environment20–23 and how they would be taken up in 

humans. PFAS compounds inherent recalcitrance in atmospheric and aquatic systems and building 

evidence for its bioaccumulation in organisms24,25 has led to worldwide efforts to detect PFAS in 

a variety of environmental and biological matrices26,27 and identify possible routes of exposure to 

PFAS.27,28 More attention is also being paid to PFAS precursors, especially fluorotelomers and 

amides, which can display different physicochemical behavior and toxicity compared to the more 

recalcitrant products, including PFOA and PFOS.29 Some of the epidemiological implications of 

PFAS exposure are only now being elucidated in the literature,30 with recent findings highlighting 

both acute and chronic toxicity including endocrine disruption,31 thyroid effects,32 fetal and 

conception defects/difficulties,31 and cancer.33  

1.1.3 Current Remediation Efforts 

With the increasing evidence of harm to human health, coupled with their pervasive use in 

consumer and industrial entities has catalyzed an effort to remediate environments with significant 

PFAS contamination and better understand their physical and chemical properties in the 

biosphere.29 PFOS and PFOA have both been added to the Stockholm Convention on persistent 

organic pollutants and in 2016, the U.S Environmental Protection Agency set maximal, non-

enforceable health advisory limits (HALs) for PFOA and PFOS at 70 ppt (combined 

concentration), constituting the largest push towards regulation in the US since 2009. To this end, 

the remediation of PFAS is commonly divided into physical and chemical methods. Physical 

methods such as activated carbon and other sorbed systems has been reviewed in a number of 
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works.34,35 In terms of chemical methods, oxidation and reduction methods, commonly mediated 

by light has been the object of much literature investigation.36–38 The widely utilized 

photochemical oxidation methods often utilize a combination of light with various 

homo/heterogenous photocatalysis, or involve radical producers such as persulfate, hydrogen 

peroxide and Fenton reactions.39 Electrochemical and ultrasonic techniques37 are also heavily 

utilized to remediate PFAS materials. In the following sections, we will explore the fundamental 

structural motifs of PFAS materials to help us devise more holistic methods to remediate PFAS 

through reductive techniques.    

1.2 Structure, Reactivity and Functionalization 

1.2.1 General Characteristics of C-F bonds in Organic Compounds 

The unique molecular properties of obtained in the fluorination and perfluorination of organic 

molecules are perfectly illustrated when linear alkanes and their perfluorinated analogs are 

contrasted (Figure 1.2). 

 

Figure 1.2. Contrasting the lowest energy structures of n-perfluorobutane (top) and n-butane 
(bottom). 

The carbon-fluorine bond, a polar covalent bond, is one of the strongest bonds in organic 

chemistry, owing its unusual stability to the Pauling electronegativity difference between carbon 

(2.5 eV) and fluorine (4.0 eV). This insinuates that the fluorine’s lone pairs are held tightly to the 

fluorine atom, resulting in low atomic polarizability and lower van der Waals radius. The large 

electronegativity difference coupled with the small van der Waals radii of fluorine vs. hydrogen 

(1.47Å and 1.20Å respectively) and the polarity of the bond results in C--F bond lengths (~1.35-

1.40Å). It has the shortest bond length of any carbon halogen bond and also shorter than C‒O 
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(1.43Å) and C‒N (1.47Å) single bonds.40,41 The bond lengths and the strength of the carbon-

fluorine bond are modulated by other atoms attached the carbon center,42 with increasing fluorine 

or fluorocarbon substitution resulting in larger bond dissociation energies.43–45 Thusly, 

perfluorinated molecules or molecules having all hydrogen substituted for fluorine are some of the 

most chemically and physically recalcitrant organic substances known. The incorporation of 

fluorine into linear carbon backbones, a myriad of effects is observed in terms of both bulk 

properties and reactivity.  The differences between hydrocarbon and fluorocarbon bonding motifs, 

reviewed by David Lemal6 has been contributed to three factors of the fluorine atom: 

electronegativity differences, lone-pair interactions, and steric effects. Examples of two major 

structural phenomena related to C‒F bonding in perfluorinated organics are the fluorine gauche 

effect and helical conformations. These electronic and/or structural observations are often 

contributed to electrostatic or hyperconjugative interactions, which are both important factors in 

determining the fundamental reactivity of PFAS compounds towards reduction strategies. 

1.2.2 The Gauche Effect 

The so called “fluorine gauche effect” is a perfect example of the effects levied by vicinal 

fluorine substitution, again originating from the large electronegativity and small van der Waals 

radii of the fluorine atom. The fluorine gauche effect is a blanket term to describe the stabilizing 

interactions that arise from noncovalent interactions between the electron rich moieties, π systems 

and nonbonding electron pairs with accessible C‒F sigma antibonding (σ*) orbitals.46 These 

stabilizing interactions promote certain conformational distributions about C‒C σ bonds, namely 

gauche interactions, where the number of stabilizing interactions between donor and acceptor 

molecular orbitals (MOs) are maximized. The initial observations of this effect in 1,2-

difluoroethane (see Figure 1.3) was elucidated in the literature by Klaboe and Nielson,47 whose 

interpretation of infrared and Raman spectra concluded that the gauche conformation was 

preferred in the liquid and solid states, but not in the gaseous state. Contrary to this, subsequent 

studies utilizing electron diffraction48 and microwave spectroscopy49, found the gauche conformer 

as the most preferred in the gaseous state with subsequent NMR50 and foundational computational 

studies51 showing that F‒C‒C‒F dihedral angle was 73±4 degrees.  
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Figure 1.3. (a) Orbital contributions to fluorine gauche effect in 1,2-difluoroethane. (b) 
Dependence of the molecular orbital interactions with the change in the dihedral angle. 
Reproduced from Lemal et al.6 

 

 Many computational studies have been dedicated to understanding the intricacies of 

bonding in 1,2-difluoroethane and in other simple (poly/per)fluorinated alkanes. These studies 

have expanded our insights into the contributions of hyperconjugation, electrostatics and 

stereoelectronic effects in fluorinated molecules.52,53 The fluorine gauche effect, once just an 

interesting observation and puzzling effect of fluorination, is now considered an indispensable tool 

in molecular design, especially for use in medicinal chemistry, where the conformation can be 

restricted without using sterically hindered functional groups. These topics are summarized in a 

short review provided by Thiehoff et al.46 The origin of the gauche effect in 1,2-difluoroethane 

and other molecules has been well-explored in the literature with many authors split over the 

dominant marker for gauche conformations. Early computational work by Wiberg et al. 

hypothesized that the origin of the gauche stability preference in 1,2-difluoroethane was due to 

overcoming the destabilization of the trans conformer. This interaction was related to the 

(a) (b) 
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formation of bent C‒C bonds.54 Soon after, Engkvist et al. used high level QM calculations to 

show that signally occupied orbitals of CFH2 radicals show the largest overlaps if the fluorine is 

the gauche position.55 Goodman et al.’s quantum chemistry based study of 1,2-difluoroethane was 

one of the first systematic studies to deconvolute the possible mechanisms/interactions 

contributing to the preference for gauche conformations. Goodman et al. found that the greatest 

contribution towards the origin of this effect is the C‒H bond originating hyperconjugation 

interactions and that the participation of cis/anti C‒H and C‒F* interactions are the easiest 

rationale for the offset twist angle observed experimentally.52 The authors rationalization of these 

effects did not rule out other interactions, especially electrostatic repulsions, from playing a role, 

however, they did conclude that delocalization effects must be considered more than the traditional 

steric effect for the rationalization of molecular structure. Continuing the debate as to the origin of 

these effects, Thacker et al. recently showed that by using an interacting quantum atom approach, 

an approach which allows the partitioning of electrostatic terms into polarization and charge 

transfer, the authors the origin of gauche stabilization is through 1,3 C---F electrostatic polarization 

interactions.53 Earlier work by Aleksic et al. may provide credence to these conclusions, who found 

that β-fluorinated thiol, sulfoxide, sulfone, and thionium ions all prefer gauche conformations.56 

Deconvoluting the energetic components of the isomerization energy of a variety of substrates into 

electrostatic, orbital, dispersion, Pauli interactions, and energy spent on structure changes, the 

authors concluded that the majority (63-75%) of the gauche effect is electrostatic in origin, 

whereas orbital contributions typically contribute the remainder (22-41%) to stabilizing 

interactions.56 The interaction of donor molecular orbitals with the antibonding σ* C‒F orbitals 

and F‒F electrostatic interactions have also been implicated in conformational distributions 

observed for fluorinated and perfluorinated alkanes of varying chain length. 

1.2.3 Conformational Distributions: Helicity 

These orbital interactions are also implicated in contributing to the observation twisted C‒

C‒C‒C dihedral angles in perfluoroalkyl chains. These ‘helical’ conformations of 

perfluoroalkanes (PFAs) have been observed in the gaseous57, liquid58,59 and solid states60 for 

linear molecules containing four or more carbons. Helical conformations in PFAs are preferred to 

both gauche and anti conformations as they are more stable, and show increasing preference for 

this conformation with increasing chain length.61 The origin of helicity in PFAs has been the topic 



9 
 

of much debate since the elucidation of poly(tetrafluoroethylene’s structure, originally being 

contributed to 1,3-F‒F electrostatic repulsion.62 Following these initial observations, 

computational chemistry has been extensively utilized to compute the structures of linear PFAs 

and verify the helical structures in many perfluorinated and polyfluorinated molecules.63–69 

Although it’s clear that helical geometries can manifest themselves in PFAs, vide supra, there is 

still debate in the literature as to the source of helical conformations in halogenated alkanes. 

In a recent study, Cormanich et al. computed conformations of all anti, all gauche and 

helical conformations of PFAs with chain lengths varying from C4 to C20 and found that 

hyperconjugative C‒C to C‒F contributions were the origin of PFA helical structures.70 Using a 

total energy deconvolution of various effects, including non-bonding interactions, steric affects 

and electrostatic effects, the authors concluded that hyperconjugative non-bonding interactions are 

the greatest contributor to the stability and preference of helical backbones in PFAs. This study is 

contrary to other theoretical investigations into the origin and nature of helicity in PFAs who 

reasoned that either F‒F repulsion or classical electrostatic effects, namely 1,5 F‒F interactions, 

were the largest contributor to the stability of PFA helical geometries.71 Analogous to the gauche 

effect, the origin of helical geometries is still an unsettled point in the literature, with electrostatic 

interactions and hyperconjugative interactions suggested as the most important components in the 

preference for helical geometries. Furthermore, helical geometries are observed in computational 

studies for both linear/branched perfluorinated alkanes containing polar head groups,64,72 and for 

poly(perfluoro ether) compounds.73–75 In computational studies, perbrominated and perchlorinated 

n-alkanes are predicted to display the characteristic twist of the C‒C‒C‒C dihedral angle.76 Also, 

recent evidence has also shown that hydrofluorocarbons (HFCs) with three carbons can also adopt 

twisted C‒C‒C‒F  dihedral angles, as shown in microwave studies on the conformations of 1H-

heptafluoropropane.77 These helical conformations have been recently shown to become less 

dominant in harsher environments and at higher temperatures. In radiation studies the removal of 

an F-atom was found to have significant impacts to the local bonding environment including 

drastic conformational changes which alter strength of adjacent C-F bonds.  

Helical conformations are observed to become distorted under extreme energy 

environments; such was observed when linear PFAs are subjected to γ irradiation at 77K.78 A 

combined experimental electron paramagnetic resonance (EPR) and theoretical approach using 
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density functional theory (DFT) found that linear PFAs containing six, eight, twelve and sixteen 

carbon atoms that were subjected to gamma irradiation underwent similar processes during 

radiolysis as PTFE polymer chains, suggesting that smaller PFAs may provide useful insight into 

the degradation process involved with larger PTFE molecules.78 Furthermore, the EPR results 

showed that a ratio of chain terminal and secondary radicals can be correlated to the lowest energy 

conformers and computed bond dissociation energies.78 The authors noted that the removal of a 

fluorine atom from a PFA chain would remove the helical conformation near the radical site 

suggesting that reactivity increases as the helical nature of the molecule is diminished.78 The 

position of the radical on the perfluoroalkyl chain was a large factor in the reactivity of these PFAs 

at cryogenic and elevated temperatures, with radical products persisting until 320 ºC.78 In the 

subsequent text, the influence of radiation on the reduction behavior of PFAS molecules will be 

explicitly discussed.    

1.3 PFAS Isomers: Origins, Distributions & Selectivity in Bio-Environmental Matrices 

1.3.1 Origin of Structural Isomers: Electrochemical Fluorination (ECF) 

Helical conformations and the gauche affect are just some of the many idiosyncrasies 

associated with molecules containing C‒F bonds. To identify viable methods for PFAS 

degradation, it would behoove us to become aware of the production methods of these compounds, 

so it may be possible to retroactively deconstruct these molecules in a rational manner. In 

environmental forensics applications, understanding the product distributions of these synthetic 

methods is paramount, where we can identify point sources of PFAS based on the observed 

isomeric distribution.79 In the case of PFAS, especially the PFAAs, synthetic techniques have 

historically produced a plethora of structural isomers for the most produced compounds (and 

subsequently the largest contributors to global PFAS pollution), PFOA and PFOS. Historically, 

electrochemical fluorination (ECF), was the first technique to find appreciable use in the synthesis 

of perfluorinated compounds. In general, ECF uses three methods to fluorinate organic substrates 

using different electrolyte solutions and operating conditions in each case.  However, only the first 

of these, ECF in anhydrous HF (aHF), is known to produce poly/perfluorinated organics.80 As 

fluorination becomes more ubiquitous in chemical fields, more modern methods are constantly 

being invented which offer increasing site selectivity,81 including modern methods utilizing 

transition metals,13,81–83 specialized organic molecules84–87 and using common substrates including 
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polyfluorinated ethanes,88 fluorinated alkenes89 and iodoperfluoroalkanes;90 however, only 

electrochemical and telomerization methods will be discussed in detail. Two methods dominate 

the chemical literature: using aHF and Ni anodes and electrochemical partial fluorination on a Pt 

anode in organic solvent or ionic liquids. Unfortunately, these results are often discussed in 

tandem, even if the methods, materials and mechanisms involved in these two processes can be 

drastically different resulting in a general confusion over the dominant mechanism in these 

processes. 

The ECF process is amenable to a wide variety of organic substrates, including those 

containing S91, P91, or N80 heteroatoms (see Ignat’ev’s review for more examples92). ECF is neither 

extremely selective nor a safe process because not only is aHF utilized, large and potentially 

explosive amounts of H2 and OF2, strong reductants and oxidants respectively, are produced in 

conjunction with many isomeric products. Despite these shortcomings, the process can be easily 

automated, is relatively cheap to operate, occurs in a one-pot fashion, and experimental parameters 

such a voltage and current, can be easily controlled to maximize yield and outcome.92   

The ECF mechanism has been debated since the Simons process was commercialized by 

3M in the late 1940s.  In 2004, Conte et al. described the ECF process as an art, and debate over 

the mechanism involved in the process has generated the attention of many scientists. Some of the 

first hypothesized mechanisms for ECF has been reviewed by I. N. Rozhkov, who elucidated the 

differences between the radical mechanisms thought to preside in aHF conditions, and the organic-

radical-cation and free fluoride C-F bond promoting mechanism which exists in the case of 

platinum anodes in polar solvent.93 In the end, Rozhkov appears to promote the “ECbECN” 

mechanism, proposed by Burdon et al. which describes a four stage process: (1, E) organic 

molecule absorbed on surface undergoes oxidation to radical cation, (2, Cb) a proton is eliminated, 

(3, E) radical form left over is oxidized to the cation which (4, CN) finally reacts with a fluoride 

anion.94  

In 1985, Gambretto et al. showed that the mechanism of the Simon’s process was best 

described by the ECBECN mechanism for a variety of acyl halides, a common Simon’s substrate.94 

Two examples of these steps, reproduced directly from Gambretto et al. are shown below in 

Scheme 1.1 for N-methylmorpholine and iso-butyryl fluoride.94 The fluorination of N-

methylmorpholine is important to understand because the product ratios show that N-
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methylmorpholine was always found in the reaction mixture with the perfluoro derivative, 

meaning a stepwise fluorination mechanism must be taking place.95  

Scheme 1.1. Hypothesized steps of the ECBECN following ECF using the Simon’s process. These 
schemes were rationalized based on the product ratios obtained following ECF of (a) N-
methylmorpholine and (b) iso-butyryl fluoride. Reproduced from Gambretto et al.94 

 

In a series of papers, Burdon and coworkers were the first to suggest a mechanism for 

fluorination that proceeds thorough cation radical intermediates. Using semi-empirical 

INDO/CNDO/2 calculations, they showed that product control in certain reactions could be 

predicted based on the spin and charge density distributions of  the intermediates.96 Unfortunately, 

the hypothesis did not hold for polycyclic aromatics and more complicated cases, and therefore 

was abandoned. The authors posited that rapid rearrangements or the differences in the stabilities 

of the Wheland intermediates played a role in the hypothesis being ungeneralizable from the 

perspective of charge and spin.96 Accordingly, Gambretto et al. commented that a radical 

mechanism could be plausible for benzene sulfonyl and p-toluene sulfonyl chlorides and would 

become more dominant in higher voltage regimes.94,95 Concurrently, Noel et al. also asserted in a 

review ECBECN that was the simplest explanation for selective fluorination in organic solvent, e.g. 

not in conditions similar to the Simon’s process.97 At this point, selective fluorination was 

becoming more prevalent as utility for mono- and lesser fluorinated products became more 

evident, especially in the pharmaceutical industry. Indeed, 3M’s discontinued production of PFOS 

would come nearly a decade later, consequently ushering in a new era of fluorine products.98 
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Soon after, Sartori et al. found that the ECF of alkane(di)sulfonyl(amides) indicated that 

the ECBECN mechanism inadequately described product ratios.91 The proposed mechanism 

hypothesized that aHF was pre-electrolyzed at the Ni surface, leading to the formation of NiF3 and 

higher Ni(III) fluorides at the anode surface, suggested nearly 25 years before this mechanistic 

insight.99 In 1996, Zemva et al. had successfully synthesized the first examples of these Ni(III) 

fluorides,100 giving credence to Sartori et al.’s observations. Since then, a mechanism involving 

reactions mediated by NiF2/NiF3/NiF4 species, firstly introduced by P. Sartori and N. Ignat’ev in 

1998,101 has gained significant traction in the field and has been propagated by Ignat'ev and co-

workers. Evidence for Ni-mediated fluorination can be found in the recent literature, where Lee et 

al. demonstrated that a high-valent aryl Ni complex could undergo reductive elimination in 

aqueous fluoride at RT to form aryl-fluorides.82 This work was based on the oxidative fluorination 

reaction of arylnickel(II) which provided a mechanism to introduce [18F] for cancer imaging 

purposes,83 demonstrated in the automated synthesis of [18F] labeled uracil.102  Scheme 1.2 shows 

the mechanism and an illustration of ECF in the Simon’s process.  

 

Scheme 1.2. ECF of an organic substrate via NiF3 produced through the oxidation of surface-
precipitated NiF2. One HF molecule and two surface NiF3 sites are needed to form one C‒F bond. 
From Ignat’ev et al.92             

 

The proposed process involves the oxidation of NiF2 by aHF, which produces a NiF3 film 

or layer on the Nickel anodes; this process is commonly referred to as pre-electrolysis. The NiF3 

is hypothesized to donate the surface bound fluorine to the organic substrate. NiF2 is insoluble in 

aHF and is produced from the oxidation of metallic Ni at low voltage, producing the NiF2 film. 

Further oxidation of NiF2 to NiF3, shown in Scheme 1.2 above, has been verified in a variety of 

experimental studies. Ignat’ev found that when the electrode was pre-electrolyzed in aHF before 

adding the organic substrate, some fluorination products would be produced without current flow, 

casting doubt that initial oxidation step is rate limiting, a foundation of ECBECN. Typically, smaller 

organic substrates are fluorinated the most effectively, with the fluorination occurring at the most 
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hydrogenated part of the substrate, with the molecule oriented to the surface in a way that 

maximizes the electron density towards the surface. Likewise, it has been suggested that the 

ECbECN mechanism also begins at the site of the greatest electron density.95 The proposed radical 

mechanism, much like the ECbECN mechanism, is a step by step process, requiring two electrons 

and one molecule of HF. Radical intermediates produced in fluorination process undergo a variety 

of reactions in ECF conditions including fluorination, oxidation to carbocations, isomerizations, 

and cyclizations.101  

The diverse set of reactions in the ECF process has led to the isolation of an abundance of 

structural isomers, including cyclic compounds, which are considered intermediates to the 

formation of both linear and branched structural isomers. The rationalization of these reactions 

begun with Plashkin et al., who hypothesized a mechanism that involved the movement of CH3 

branches to form a linear structure, however, the mechanism was unable to rationalize the 

isomerization of a linear molecule to a branched one.  

Figure 1.4. Isopropyl group interacting with two Ni-F surface moieties through an A) radical and 
B) carbocation mechanism. From Ignat’ev.92             

a 

b 
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The interaction of methyl groups of isopropyl side chains of organic precursors has been 

previously shown to match the spacing of Ni‒Ni bonds on the surface of the NiF3 film.100 The 

interaction can be posited to proceed through a radical (Figure 1.4a) or carbocation (Figure 1.4b) 

intermediate. In the radical mechanism, if the geometry of the substrate’s isopropyl group is 

optimum, the reaction produces a biradical intermediate producing a cyclopropane ring, which has 

been confirmed through quantum chemical calculations. Alternately, one could imagine the 

reaction proceeding through a carbocation intermediate, where a cyclopropane ring can also be 

produced.  

The cyclopropane ring produced through either mechanism (Figure 1.4) is suggested to be 

the key intermediate in forming both linear and branched structural isomers, with linear structures 

being favored in most cases. The degradation of the cyclopropane ring is highly substrate 

dependent, with iso-butyl sulfonyl fluoride and iso-propyl sulfonyl fluoride showing vastly 

different yields of linear and branched isomers, the latter substrate showing a greater enrichment 

of linear compounds in the products. 92 In short, there is evidence of carbon chain isomerization 

occurring in the ECF process and will always occur if the carbon chain is longer than three carbons 

or contains a branched alkyl chain. The mechanism of ECF is important to understand because it 

provides us with valuable insight into the synthesis of new fluorinated precursors but also provides 

us with a way to predict the structural isomers produced from the ECF of organic substrates. 

Knowledge of the products of these reactions provides us with increased insight into both 

environmental contamination and the epidemiological implications of the structural isomers of 

common ECF products, namely PFOA and PFOS.   

1.3.2 Alternative PFAS Synthesis: Telomerization and Beyond 

After 3M’s phase out of C8 based PFAA products, telomerization became the most widely 

used method to synthesize molecules containing perfluoroalkyl moieties. With the increased 

pressure to abandon PFOA and PFOS manufacture in the United States, companies have begun to 

understand methods to produce molecules which have similar properties of the alkyl acid 

surfactants, but without the bioaccumulation and persistence associated with PFOA and PFOS. 

Telomerization has emerged as a synthetic technique which allows for both concerns to be 

mitigated and is demonstrated by its selectivity and versatility. Figure 1.5 below shows a 

comparison between telomerization and ECF techniques for two model PFAS.  
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Figure 1.5. Contrasting telomerization and electrochemical synthetic methods for model PFAS 
molecules. Common products based on the given starting substituents are shown in red. 

 

Telomerization is especially useful to produce polymeric products, with most research 

revolving around the fluorinated alkenes, most often utilizing vinylidene fluoride, 

chlorotrifluoroethylene, trifluroroethylene, hexafluoropropylene and tetrafluoroethylene to 

synthesize fluorinated precursors directly.103 Typically a process like the one in Figure 1.5 is taken 

above, where in this case a vinylidene fluoride is subject to oligomerization/telomerization to a 

poly/perhalogenated alkane, and undergoes chemical modification to form precursors such as the 

well-known fluorotelomer alcohols, which bears the characteristic double methylene unit (-

CH2CH2-) attached to the perfluoroalkyl chain. In various reviews, Bruno Ameduri, has 

contributed a breadth of knowledge towards a wide range of synthesis of fluorinated oligomers, 

telomers and co-polymers, which demonstrate that a wide range of functionality can be 

incorporated alongside perfluoroalkyl chains.103,104 It becomes quickly evident that kinetic effects 

are dominant over thermodynamic effects, with telomerization occurring typically through a 

radical or redox initiation step, with radical initiation being more prevalent.103 Many of these topics 

are reviewed by Lehmler, who describes the synthesis of PFOS, PFOA and PFAA precursors such 

as N-alkyl perfluoroalkane sulfonamides.105  Kostov et al. and Zaggia et al. show that recent work 

focuses on creating fluorinated organics which provide ‘weak’ points in the molecule so that they 

may be more biodegradable than their perfluorinated precursors.104,106,107 Much of this work 
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revolved around the using of vinylidene fluoride or oligio(3,3,3-trifluoroproene) as 

monomers,108,109 which contain breaks in the perfluorinated chain with ‘biodegradable points’ such 

as hydrogen.  

In addition to incorporating hydrogen to faciliate microbial degradation, a great deal of 

work exists to introduce ionic104,110 as well as non-ionic104 functionality to perfluoroalkyl chains, 

however, these perfluoroalkyl chains are typically not greater than 6 carbons in length, with 

perfluorobutyl chains being the most common.104 The current literature consensus is that C6 and 

shorter carboxylates and sulfonates being less toxic than longer chains;111,112 however, this often 

used as blind justification to incorporate these chains into multifunctionaliozed systems where the 

toxicity has largely yet to be determined. The fabrication of superhydrophobic/oleophobic 

surfactants with short perfluoroalkyl chains has as recently as 2018 been described as 

‘environmentally friendly’, although no toxicological investigations were conducted.113 In the last 

20 years these small chains have been incorporated into an engormous variety of compounds, 

luckily, newer studies have shown that the strength and superhydrophobicity associated with 

fluorine can be levied in non-fluorine containing molecules.114 Newer work shows sol-gel 

techniques can be used to form phenyltriethoxysilane units into hot water repellent materials that 

show long term thermal stability in hot water without containing fluorine.115  

Although 3M phased out ECF to produce PFOA and PFOA, ECF is one of the only viable 

means to produce the perfluorinated sulfonic acids. Moreover, ECF is still widely used to produce 

a variety of perfluorinated organic products, especially in China, where the environment is largely 

deregulated in terms of manufacturing. Reviewing the synthetic methods used to produce PFAS 

can allow us to establish a baseline of the compounds we expect in the environment, what their 

concentrations are, and where they came from. Furthermore, with the increasing use of 

telomerization as a synthesis method for perfluorinated chains, it is likely that we never see a 

decrease in the amount of PFAS manufactured and newer synthetic methods will only provide 

more structural diversity and functionality than previously imagined. In fact, we will see that the 

ratio of PFAS congeners and isomers in a given aquatic or terrestrial sample, especially in the case 

of PFOS and PFOA, provides a unique fingerprint which can be used to forensically identify the 

source of contamination, and subsequently, propose the likely synthesis method. The next section 

will explore the more detailed functionality and disposition of PFAS structural isomers, from 
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environmental effects such as partitioning and transport, to its bioaccumulation and 

pharmacological properties in plants and animals.  

1.3.3 Environmental and Biological Distributions and Impacts of PFAS isomers 

The isomer distribution is one of the most important aspects of PFAS from an 

environmental perspective, in which PFOA and PFOS have been the subject of much analytical 

study through a variety of techniques. Analytically, the measurement of PFAS in chemical, 

biological and environmental matrices has proven difficult due to the lack of analytical standards 

and interferences from other PFAS compounds in said matrices. Regardless, high performance 

liquid chromatography combined with mass spectrometry (LC-MS/MS) and Fluorine-19 (19F) 

NMR have emerged as the most widely used methods to determine PFOA and PFOS in these 

matrices. Earlier, much work was done characterizing the chemical distribution of ECF based 

PFOA and PFOS. Table 1.1 shows the isomer distribution of industrial samples for commonly 

acquired PFOA and PFOS formulations. Linear isomers are dominant in both PFOA and PFOS 

samples typically comprising more than 65% of samples. Some samples of PFOS, including 

potassium perfluorooctane sulfonic acid (PFOSK) from Wellington Labs were 99% linear isomers, 

however, all the second highest amount is only 82.2% for PFOS sourced from Fluka labs. Similar 

distributions can be noted for PFOA, however, with the increased usage of telomerization for 

PFOA samples, many isomer distributions are beginning to show much larger preference for linear 

isomers as the process of telomerization does not involve the isomerization processes common for 

ECF produced PFOA.  It is clear from Table 1.1 that the isomer distribution of technical mixtures 

of PFOA and PFOS vary by a large degree depending on the manufacture method.  

 The first major study of the isomer fractionation in an entire food web was undertaken by 

Houde et al., who analyzed the isomer composition of PFOS in water sediment and biota collected 

from various sites in Lake Ontario.125 Six isomers were identified in their samples, the majority of 

which constituted mono-methyl branched and linear isomers, with insignificant amounts of 

dimethyl branched isomers also detected. 
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Table 1.1. Isomer distributions of various sources of PFOA and PFOS from various manufacturing 
companies. m- refers to the carbon substituent in which the -CF3 resides 1m being the -CF adjacent 
to the acidic group, while m2 refers to all possible ditrifluoromethyl branched isomers. Reproduced 
from Jiang et al.116 

 

Overall linear isomers were found to be more concentrated in organisms which suggested that 

branched isomers and linear isomers had differing degrees of uptake, elimination and/or selective 

retention. The linear isomers accumulated in greater amounts in sediment samples suggesting that 

partitioning of linear isomers into the sediment was more favorable. In studies of AFFF impacted 

sites, linear PFOA was found to enrich in sediments as you moved further from the point source, 

while the same behavior was not noted for water samples.126 In the same study, branched PFOS in 

water were enriched compared to the linear isomers as you moved away from the source.126 

Measurement of branched PFOS in sediment samples showed the opposite effect with distance for 

linear isomers, whereas no clear trend was available for fish species.126 Pelagic organisms typically 

shows a greater enrichment of linear isomers, for example, zooplankton had extremely low levels 

of branched isomers compared to aquatic samples, which generally displayed an enrichment of 

Name Origin Manufacturer Lot  Method Percentage of every isomer (%) References 

n iso 1m 2m–5m m2 

PFOS (ECF) USA 3M Average level 19F NMR 70 10.3 1.6 17.0 0.4 Kestner117 

PFOS USA TIC GJ01 19F NMR 67.0 9.64 3.18 18.66 1.63 Arsenault et al.118 

PFOS USA Matrix P15 D 19F NMR 68.3 10.92 1.15 17.93 1.67 Arsenault et al.118 

PFOS USA Fluka 436098/1 19F NMR 78.9 9.93 0.99 9.35 0.82 Arsenault et al.118 

PFOS USA Oakwood XO8M 19F NMR 72.4 9.4 3.4 17.7 0.4 Vyas et al.119  

PFOS Switzerland Fluka 312421000 19F NMR 82.2 10.0 1.2 9.8 0.4 Vyas et al.119 

Br-PFOS Canada Wellington 0708 19F NMR 78.8 10 1.2 9.2 0.71 Wellington-Labs120 

Br-PFOS Canada Wellington 1106 19F NMR 78.8 10 1.2 
 

0.8 Benskin et al.79 

T-PFOS Canada Wellington 0405 19F NMR 68.9 10.8 1.9 17.9 0.5 Benskin et al.79 

L-PFOSK Canada Wellington Unknown 19F NMR 99.02 0.98 
   

Arsenault et al.118 

PFOSK China Defu Unknown LC-MS/MS 78.2 9.2 1.2 9.4 1.7 Benskin et al.121 

PFOSK China Jinfu Unknown LC-MS/MS 69.1 11.2 2.2 15.1 2.3 Benskin et al.121 

PFOSK-TEA China Jinfu Unknown LC-MS/MS 69.2 11.3 1.8 15.5 2.2 Benskin et al.121 

PFOA (ECF) USA 3M Average level 19F NMR 77.6 9.0 – 12.7 0.3 Loveless et al.122 

PFOA Switzerland Sigma Unknown 19F NMR 98.9 
 

– 
  

White et al.123 

TPFOA Canada Wellington 0311 19F NMR 79 9.0 – 11.5 
 

Wellington-Labs124 

PFOA China Defu Unknown LC-MS/MS 84.9 
 

– 
  

Benskin et al.121 
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branched isomers. The isomer distributions observed for the Lake Ontario food web have a wide 

variety of implications, including: 

• The partitioning behavior and pharmacokinetic effects of branched or linear isomers to 

sediments is vastly different. 

• The sediment could be considered a source of PFOS contamination in the food web. 

• The differing uptake, sorption and elimination behavior of branched and linear isomers has 

a distinct impact on the bioaccumulation and biomagnification factors. 

• The trends of isomer composition and their related environmental behavior show that only 

linear isomers will remain in the biosphere with the fate of technical PFOS being the near 

total enrichment of linear isomers.  

Other studies have shown that PFOS transport in aquatic systems127 and PFOA in 

atmospheric systems128 can be reasoned based on the measured isomeric distributions and can be 

used to elucidate contamination sources.129 These two particular studies are important because they 

show that isomer distributions in the oceans and in the atmosphere point to complicated transport 

mechanisms. In the case of atmospheric transport of PFOA, direct inputs from manufacturing, 

transport via sea-spray aerosols and the degradation of PFOA precursors can all contribute to 

atmospheric degradation.128  In other systems, it has been shown that PFAS can accumulate via 

unexpected processes. For example, a recent study showed that PFOA/PFOS isomer profiles in 

tree-barks closely matched ECF compositions, showing statistically significant spatial 

distributions from the point sources, suggesting atmospheric transport could be a viable transport 

mechanism.130 Four branched PFOA isomers were detected (3m-, 4m-, 5m- and iso-PFOA), 

however, no spatial distribution was statistically significant, indicating PFOA isomers do not 

fractionate as much in the environment. As for PFOS, branched isomers were detected in 38% and 

50% of bark and leaf samples, and were these signatures were equal among either medium. In 

conclusion, the minimum amount of isomer discrimination is noted in the barks of trees, which 

indicates that atmospheric transport of PFAAs cannot be ignored.130 Newer studies of isomer 

profiles near manufacturing plants in China was showed that both atmospheric and water vectors 

are possible in introducing PFAS into the environment.131 
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1.3.4 Disposition of Isomers in Experimental and Wildlife Animals 

In epidemiological studies, rats and mice are often used to gain insight into the 

pharmacokinetics for substances without unnecessary human exposure. However, studies on 

isomer fractions in rats and other organisms suggest that lower organisms may not be suitable 

proxies for humans as many studies have shown that PFOS/PFOA display widely variable 

pharmacokinetic behavior in many types of organisms including mammals, aquatic life and plants.  

Loveless et al., De Silva et al., and Benskin et al., were some of the first to investigate 

PFAS isomer effects in studies in mice122, Sprague-Dewey132,133 rats and rainbow trout134 

elucidating the pharmacological behavior of both single83 and sub-chronic dosage84 for ECF 

derived PFOS and PFOA in rats. Loveless et al., was the first to suggest that some branched 

isomers were absorbed to a lesser extent than linear isomers with high dosage, with no clear trends 

at lower dosage.122 In studies with rainbow trout, branched perfluorocarboxylate isomers were 

subject to faster elimination kinetics compared to linear isomers, with no clear chain length 

dependence noted between the isopropyl branched and linear congeners of PFOA and PFNA.134 

Not only were branched isomers eliminated more quickly, tissue samples of the liver, kidney, heart 

and spleen all showed enrichment of the linear isomers.134 In the case of rats, the authors suggested 

that the elimination rates of PFOA isomers were significantly different from one another, while 

the elimination of the major branched isomers was like the linear isomer. These results were the 

same whether studied in the single or sub-chronic dosage regime and mirrored previous results to 

mice and rats administered branched and linear ammonium perfluorooctanoate (APFO).122 In the 

sub-chronic dosage study it was concluded that female rats were able to eliminate PFAS more 

readily than males, even though isomer discrimination was similar in both cases.  

1.3.5 Isomers Differentiation/Enrichment in Humans 

PFOA half-lives in rats are much shorter than humans (4-6 days in rats135 vs. 2.3-3.8 yrs. 

in humans111) suggesting that a rat model may be a poor descriptor of human pharmacokinetics. 

E. Mariussen has provided a comprehensive review of PFAS interactions in the serum and brains 

of rat and mice species with specific attention paid to the neurotoxic effects observed.136 It has 

been suggested that the observed difference in half-lives may be due to organic anion transporters 

(OATs)137,138 which are implicated in urinary excretion and renal resorption of PFAS, suggested 

in the case of monkeys.139 OATs which are regulated by sex hormones in rats, could explain the 
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sex differences in observed half-lives of PFAS, compounded by the evidence of preferential 

enrichment of branched isomers in male rats.84 Overall these studies suggest that branched isomers 

are thought to be released from the blood to the urine, with preferential release of the linear isomer 

from the liver through bile.84 

In humans, PFAS is preferentially distributed in the serum, liver and kidneys. Numerous 

studies have been conducted to understand the chemistry of PFOA and PFOS in the blood serum, 

especially as it concerns the distribution of isomers and the associated binding to serum proteins 

such as albumin. When viewed as a whole, studies on PFOS in the serum/plasma/blood show that 

branched isomers are preferentially accumuluated, indicating certain transport proteins can bind 

linear isomers preferentially, enriching these medium with branched isomers.111,140–142 The same 

cannot be same for PFOA, in which n-PFOA is typically the largest contributor in serum 

samples.143 Gao et al. found that accumulation and elimination behavoir of PFOA and PFOS from 

occupational workers show that PFOA and PFOS both follow the above trends, with even greater 

preference for branched isomers of PFOA and PFOS in the urine vs. serum.144 The exposure 

pathways to these PFAAs in the latter study could be reasoned based on the analysis of the 

differences between drinking water, indoor dust, diet, suspended particles, serum and urine 

compared to the ECF product produced.144 Gao et al. also explored the differential docking 

mechanisms present for n-PFOS and br-PFOS to human serum albumin (HSA) and found not only 

was n-PFOS more strongly bound to HAS, different residues were involved in binding between n-

PFOS and br-PFOS.144 This is not the first work to mention binding to serum albumins for PFOA 

and PFOS. In fact, a number of studies have classified the interactions between PFAS and HSA145–

153 and shown that different isomers144,153 chain lengths152 and head group indentity147 all play a 

role in the affinity for HSA.  

1.3.6 Theoretical Investigations of PFAS Congeners and Isomers Distributions 

Thermodynamic parameters derived from computational methods have long since been 

used to model PFAS properties, including the thermodynamic distribution of isomers. Notably, 

Rayne and  Forest have contributed to the thermodynamic underpinnings of PFAS through 

publication of a variety of computational works accessing subjects such as pka’s154–156, partition 

coefficients157–159, isomerization energies160, and structural/conformational patterns.64,76,159,161,162 

From the previous discussion, we could easily realize that computational studies would be 
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beneficial in understanding the conformational and congeners of PFAS, especially PFOA and 

PFOS. To this end, several studies have attempted to classify the plethora of congeners of these 

two molecules from a thermodynamic perspective, assessing pH affects and method dependence.  

When assessing the thermodynamic results, there is a wide variation in the results, with no 

two methods predicting similar stability orders of PFAS conformers with even more unambiguous 

differences concerning the molecules protonation state and the inclusion of implicit 

solvent.35,159,163–166 One stark difference between the theoretical and thermodynamic results lies is 

the predicted propensity for dimethyl branched isomers to predominate highly over linear isomers 

regardless of the calculation method, while linear isomers typically predominate in actuality, with 

dimethyl branched isomers hardly constituting greater than 3% of the overall congener 

distribution.  It can be concluded that computational methods, especially DFT calculations, are not 

especially useful to describe the disposition of conformational isomers for PFOA and PFOS at 

least from a thermodynamic perspective. This ineffectiveness is due to a myriad of sources but 

ultimately can be traced back to the synthesis method utilized. ECF inherently is a kinetic process, 

occurring at temperatures in the sub 20 ºC range, kinetic affects can dominate, especially in the 

case of the proposed radical mechanisms. These kinetic effects cannot be accurately described by 

thermodynamically based calculations, which is a general failure in the use of DFT to describe 

PFAS chemistry in a variety of works.   

1.4 Reactivity: Fundamental Views of Perfluorocarbon Reduction 

1.4.1 Electron Interactions with Perfluorinated Molecules in the Gas Phase 

Compared to photochemical and wet chemical oxidation, wet chemical reduction and other 

reductive methods are relatively unexplored when it comes to PFASs. Few studies on the reduction 

of PFAA exist in the literature, however, many earlier studies on electron interactions with non-

acid terminated perfluoro molecules including cyclic and linear perfluoroalkanes, 

perfluoroalkenes, perfluoroalkynes and perfluoro(poly)ethers have elucidated physiochemical 

properties useful to understanding PFAS themselves on a more fundamental level. Many recent 

reviews touching on the reduction of PFAS have largely ignored these earlier studies, most likely 

because they do not directly reference PFOA or PFOS, or rather, did not particularly reference the 

environmental impact of these materials. To fully elucidate the molecular mechanisms of PFAS 

reduction, these earlier studies should be considered to help guide innovative studies and fill or 
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rather, stitch together, the considerable knowledge gaps that exist in the literature. These studies 

will be used to give us a better understanding of the current efforts to remediate PFAS, especially 

PFOA and PFOS via reduction approaches which are also discussed in context with these earlier 

studies.  

These initial studies were conducted to understand how electrons interact with various 

gases, especially fluorinated gases such as SF6. Although these papers mostly focus on chemical 

reactivity in plasma environments, many studies also aim to understand these gases from an 

atmospheric environmental chemistry standpoint, whether it be from a detection or fate and 

transport perspective. Although this review is mostly concerned with the reduction of PFAS in 

aquatic environments, in select cases we will discuss these studies to enhance our fundamental 

understanding of PFAS reactivity with electrons. 

The interaction of electrons with molecules involves a plethora of fundamental processes, 

including (in)elastic scattering, capture and ionizations.167 Ionization, one of the more commonly 

studied reactions, can be divided into two categories: hard and soft collisions. One of the most 

fundamental parameters in understanding the interaction between molecules and an electron is the 

ionization cross section of molecules. The ionization cross section is defined as the probability 

that a given molecule will undergo an ionization process when the molecule interacts with a 

photon, electron, atom, or molecule.168 In general two thirds of ionization cross sections are 

derived from soft collisions which generally involve small momentum transfers and generate slow 

ejected electrons, while hard collisions generate the opposite, large momentum changes and fast 

ejected electrons.169 To derive these electron impact cross sections, researchers have developed a 

variety of equations including those based on classical physics170–172, empirical laws173,174 and 

derived directly from quantum mechanics using ab initio calculations.175,176  

The first experiments concerning the interactions of slow electrons with (per)fluorinated 

molecules, mostly the smaller PFAs and chlorofluorocarbons, were undertaken in the late 1970s 

to the mid-80s via electron swarm techniques and single beam ionization, the process involved in 

most primitive mass spectrometry studies.177,178 The interest in electron and radiation interactions 

with perfluorinated molecules was of utmost importance for nuclear scientists and aerospace 

engineers who realized the practical applications of fluorinated gases being used an insulating gas 

in plasma processes and protection from extreme environments. Furthermore, these techniques 
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also provided early insight into the possible atmospheric pathways and reactions of various 

compounds, allowing scientists to assess important parameters such as global warming potentials 

and a molecules ability to influence ozone layer depletion, especially in chlorofluorocarbons.179,180  

There are two main methods to measure the electron attachment rate constant and cross 

sections of molecules, single beam and electron swarm techniques. Electron beam studies utilize 

mono-energetic electrons of energy 0.1 – 10 eV to derive relative attachment rates and understand 

decay channels. Swarm measurements on the other hand provide absolute data over a broad 

electron energy distribution typically under high pressures with carrier gases. If these techniques 

are used in tandem, the relative rates derived by beam studies can be scaled in an absolute manner 

using swarm techniques and fundamental parameters, such as the electron affinity (EA), can be 

calculated.  

The basic electron attachment process could be signified by Scheme 1.4 below. The 

polyatomic molecule AB--CD is in its lowest vibrational state, having an electron cross section, 

σ0(ԑ), and reacts with an impacting electron, e, with energy ԑ, e(ԑ), to produce transient negative 

ion.178 This ion decays via (1) direct in(elastic) scattering, (2a) dissociative attachment leading to 

stable negative fragment ions (could be many depending on case), (2b) same as (2a) but with 

metastable fragments which undergo auto-detachment/decomposition, and (3) parent ion 

formation when the EA is positive.178 The attachment of slow electrons (0-10 eV) proceeds through 

four generalizable mechanistic steps which leads to a transient negative ion, referred to as a 

negative ion resonance (NIR).178 These transient negative ions are typically short lived (<10-12 s) 

and are formed via the capture of an electron in a restricted energy range  which is related to the 

Franck-Condon transition between the initial and final states, the final state being the transient 

negativeion.178 

 
Scheme 1.4. Generalized scheme illustrating the pathways available following the attachment of 
electrons in the ground (G) or excited state (E) for an organic substrate AB---CD. Reproduced 
from Christophorou et al.178 
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To illustrate electron capture, we can imagine the molecular orbitals of benzene. Benzene 

which has six π MOs, the last three, π4, π5 and π6, being unoccupied. The NIRs of benzene can be 

understood by considering the capture of the electron in these three orbitals, which produces three 

NIR patterns experimentally, two of which are degenerate.178 It is found that increasing fluorine 

substitution on the ring can have a drastic effect, as the energy position of the NIRs systematically 

decreases with increasing fluorine substitution.178 This decreased energy is related to the EA and 

the parent negative ion lifetime, e.g. 0 eV/ps for benzene and +1.8eV/µs for hexafluorobenzene, 

respectively. Additionally, comparisons the first NIR peak between different structures such as 

ethane (-2.3 eV) ethylene (-1.55 eV), tetrachloroethylene (+2.12 eV), and propene (-1.99 eV) show 

that the presence of a double bond, replacement of a hydrogen by a halogen (tetrachloroethylene 

+2.12 eV vs. ethylene -1.55 eV) and increasing alkyl substation with -CH3 (ethylene 1.55eV vs. 

propene -1.99 eV) in aromatic or alkyl cases all decrease NIR energies or increase EA.178  

The first notable study on the electron attachment to perfluoro compounds was conducted 

by Christodoulides et al., who investigated the electron attachment cross sections and kinetics of 

electron attachment to perfluorocyclobutene (c-C4F6), perfluoro-2-butyne (2-C4F6), perfluoro-1,2-

butaidiene (1,2-C4F6), perfluorocyclobutane (c-C4F8), and perfluoro-2-butene (2-C4F8) at ambient 

temperature (25 ºC) and pressures of 500-2000 torr using both Ar and N2 carrier gases.181 In these 

experiments, electron-swarm methods were used to measure the NIRs of the preceding compounds 

based on the distributions of the normalized electron energies using the above carrier gases. In an 

electron swarm method, the electron attachment rate (αω) of a gas is measured as a function of the 

pressure reduced electron field (E/P) at constant temperature (T). α (cm-1 torr-1) is the electron 

attachment coefficient while, ω (cm sec-1) is the electron drift velocity. Values of E/P (Volts cm-1 

torr-1) and the resulting energies based on a distribution of E/P values f(ε,E/P) depend on the gas 

of interest. To study these gases, known values of f(ε,E/P) for N2 and Ar gases are mixed in various 

ratios to calculate the mean electron energy and cross sections. The electron attachment cross 

section (σa(ε)) is related to the rate of electron attachment via Eq. 1.1 and 1.2 

 

𝛼𝜔(𝐸
𝑃⁄ ) = 𝑁0 ( 2

𝑚
)

1/2
∫ 𝜖1 2⁄ 𝜎𝑎ሺ𝜖ሻ𝑓ሺ𝜖, 𝐸 𝑃⁄ ሻ𝑑𝜖∞
0  (1.1) 
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To determine σa(ε), swarm-beam techniques, a combination of swarm measurements of αω(<ε>) 

with yields of negative ions obtained through electron-beam measurements, or swarm-unfolding 

techniques, where the αω(<ε>) is determined directly using an iterative approach utilizing known 

f(ε,<ε>j) functions in the following manner: 

 

𝜎𝑎ሺ𝜖ሻ = 𝛼𝜔ሺ𝜖ሻ

𝑁0( 2
𝑚)

1/2 (1.2) 

Here σa(ε) is given in cm-1 and ε is in eV. Using the latter method, Christodoulides et al. made the 

following conclusions: 

• The electron cross section, or electron capturing efficiency of open-chained saturated PFCs 

decreases when the structure becomes symmetric or compact. 

• When double or triple bonds are introduced, αω(<ε>) increases. 

• In cyclic PFCs, the introduction of double bonds does little to increase electron attachment 

rates, e.g. the different between c-C4F6 and c-C4F8 was negligible.  

Follow-up studies have attempted to elucidate the mechanisms following direct electron 

impact for a shorter chained saturated PFAs. Sartori et al. utilized time-of-flight mass spectrometry 

techniques was used to elucidate the types of fragments and ions produced in the interaction of 

saturated PFAs n-CNF2N+2 (N=1-6) and i-C4F10.182 It was found that lower chain length PFAs up to 

C3F8 underwent dissociative electron attachment, where F- was found to be the most abundant 

fragment produced, with the rate of electron attachment being below the limit of detection for CF4 

and C2F6. The data on these electron interactions in these shorter chained PFAs has been collected 

and presented in more recent reports.183–186 More importantly, as the chain length increased form 

C4 to C6, parent ion fragments were observed along F‒ and with smaller negative ion fragments in 

the form CNF‒
2N+1, CNF‒

2N and CNF‒
2N-1.182 The electron attachment cross section changed 

drastically depending on the isomer being excited, with isopropyl C4 compounds showing larger 

cross sections over a greater range of electron attachment energies.182,187 Later, Hunter and 

Christophorou utilized electron beam techniques and found that saturated PFAs with increasing 

size have increasing electron attachment rates and the peak position shifts toward lower energy 

and reinforced the earlier result which showed dissociative electron attachment are dominant for 

CF4 and C2F6.187 Hunter et al. then used Pulsed Townsend (PT) techniques to derive electron 
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attachment rates and cross sections for the saturated PFAs and found similar results by using the 

number electric field to the number density of the gas (E/N).187 The mechanism for dissociative 

and non-dissociative electron attachment for saturated, linear PFAs is shown in Scheme 1.5. 

 

Scheme 1.5. Generalized scheme illustrating the pathways available following the attachment of 
electrons to saturated PFAs. Reproduced from Sartori et al.182 
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compounds as the perfluoroalkyl chain length is increased. Furthermore, when higher electron 

energies were utilized, an increase in the lifetime of the parent ion (if observed) and their associated 

fragments was observed.182 The lifetime of the observed perfluoroalkyl ion fragments vs. F‒ 

showed that although the C‒C bond energy is less than the C-F bond energy, C‒F bond breakage 
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Further studies on the electron attachment to n-C4F10 shows that vibrationally excited 

molecules have different total electron attachment rate constants, showing that the contribution of 

𝑒ሺ𝜀ሻ + 𝐶𝑁𝐹2𝑁+2
𝜎0ሺ𝜀ሻ
ሱۛ ሮۛ ሺ𝐶𝑁𝐹2𝑁+2)𝑗

−∗ 

𝐶𝑁𝐹2𝑁+2
ሺ∗ሻ + 𝑒ሺ𝜖′ሻ 

−𝒐𝒓 − 

𝐶𝑁𝐹2𝑁+2
−  + 𝑒𝑛𝑒𝑟𝑔𝑦 

(1) 

(2) 

(3a) 

(3c) 

𝐶𝑥𝐹𝑦
−+ 𝐶𝑁−𝑥𝐹2𝑁−𝑦

ሺ∗ሻ  

𝐶𝑥𝐹𝑦
−∗+ 𝐶𝑁−𝑥𝐹2𝑁−𝑦

ሺ∗ሻ  𝐶𝑥𝐹𝑦
ሺ∗ሻ + 𝑒ሺ𝜖′ሻ 

𝐶𝑥−𝑥′𝐹
𝑦−𝑦′
ሺ∗ሻ + 𝐶𝑥′𝐹𝑦′

−  

ሺ𝐶𝑁𝐹2𝑁+2)
𝑗−1
−∗ → 𝑑𝑒𝑐𝑎𝑦 

(3b) 



29 
 

non-dissociative attachment decreasing with temperature with the opposite trend shown for 

dissociative attachment.189 Investigation into temperature effects has become more prevalent in 

modern times, with many studies showing that dissociative electron attachment to molecules show 

a strong rise with increasing temperature. In 2007, a new apparatus utilizing Pulsed Townsend 

(PT) techniques was developed to investigate the kinetics of thermal electron attachment to 

chlorinated compounds, deriving both the rate constants for electron capture and the activation 

energy barriers for these processes.190 These studies have indicated that halocarbons could be 

subject to such dependences, demonstrated by Arrhenius relationships developed between the rate 

of attachment and the activation energy.190,191 Expanding these methods to different PFAS, 

Wnorowski et al. and Kopyra et al. have showed that both perfluoroalcohols and perfluoroethers 

also exhibit Arrhenius type behavior for electron attachment in the temperature range close to room 

temperature.192,193 Wnorowski found that the presence of an alcohol group had a drastic impact on 

the electron attachment rate, e.g. the electron attachment rate to CF3CH2OH was 5.1±-0.1 x 10-11 

cm3 s-1 while the attachment rate to CF3CF2Cl was nearly an order of magnitude less at 3.3 x 10-12 

cm3 s-1.192 In their work on perfluoroethers, Kopyra et al. showed that the rate constant for electron 

attachment does not correlate with chain length as was observed previously for the PFAs. The 

similar rate constants and activation energies for the electron attachment to these functionalities 

are similar in magnitude, indicated that similar fragmentation mechanisms could be occurring in 

both cases.192  

1.4.2 Déjà vu: Specific Orbital Interactions in Electron Attachment  

Until DFT became more widespread as a technique to compute and describe the electronic 

structure of molecules, computing and understanding σ* orbitals was a troubling and difficult task 

for several reasons. As σ* orbitals are typically very high in energy, not only it is difficult to access 

them, it is rather difficult to distinguish them from inner shell Rydberg states; further complicated 

if these states are similar in symmetry to the valence σ* MO. In a well-cited study, a combination 

of inner-shell electron energy loss (ISEEL) spectroscopy and electron transmission spectroscopy 

(based on scattering and transmission, respectively), the C 1s and F 1s inner-shell spectra and 

negative ion resonances were elucidated for a set of C2-C6 perfluoro-n-alkanes and C2-C6 

perfluorocycloalkanes.194 Figure 1.6 shows the electron transmission spectra and the negative-ion 

resonance energies. A distinct red shift in the NIR energies is observed which is in accordance 
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with the slew of experiments conducted nearly a decade earlier. Primitive calculations using the 

HF/STO-3G level of theory, some the first of its kind in this era for fluorinated molecules, provided 

some qualitative insight into the transitions between virtual states and occupied states.194 

Surprisingly, the inner-shell spectra had no distinct energy difference in the excitations to the σ* 

MO, however, transmission spectra, comparable to the ones in Figure 1.6, indicate that the σ* MO 

stabilizes with increasing molecular size. The apparent contradiction comes from the differing 

method utilized, as the σ* MO of the negative ions are delocalized over the whole system, 

corresponding to the trends observed, while the inner shell excited states show that the 1s electron 

hole produced is localized, localizing the σ* MO. Evidence that contributions from both σ*(C‒C) 

and σ*(C‒F) orbitals mix at common centers also preserves this localized effect. The starkest 

conclusions from the work is that σ* are lower than their alkane counterparts, 

perfluorocycloalkanes the σ*(C‒C) is lowest in energy, while the perfluoro-n-alkanes show that 

σ*(C‒F) behavior is more dominant.194 These conclusions would be verified in subsequent 

theoretical investigations, vide infra. 

 

Figure 1.6. The electron transmission spectra of perfluoro-n-alkanes from C2 to C6 and the 
negative-ion resonance energies shown as lines accompanying the spectrum. Reproduced from I. 
Ishii et al.194 

 

While the former studies have exclusively focused on the gas phase reactions of electrons and 

fluorinated molecules, a wide body of literature exists on the interactions between electrons 

produced by electron beams and radiation sources and fluorinated polymers and ionomers 

containing S and O heteroatoms, such as Nafion® products, poly-tetrafluoroethylene (PTFE), and 
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ploy(perfluoro ethers). For instance, electron beam (EB) irradiation of perfluoroethers has shown 

that C‒O bond followed by the release carbonyl difluoride gas is a dominant mechanistic 

feature,195–197 with the rate of production of carbonyl difluoride correlated with the structure of the 

ether.195 Although these studies will not be explicitly discussed in detail, a few examples of EB 

studies will be discussed in the hydrated electron section, where these reactive intermediates have 

been implicated to play a large role in PFAS reduction. 

1.4.3 Theoretical Modeling of EA in Gas Phase Perfluorocarbons 

Calculating reliable EA for molecules has been a difficult task; however, DFT calculations 

have provided a relatively reliable estimate for EAs of a variety of neutral molecules. In this section 

we will quickly describe the theoretical methods used to calculate the EA of fluorinated molecules, 

and how the structural characteristics of the molecule influence the calculated values. Although 

experimental studies to derive the EA of atoms and molecules is cumbersome and time/energy 

intensive, theoretical chemists have derived three measures of neutral-anion separation. The first 

major review on the theoretical methods used to calculate the parameters above was published in 

2002 and concluded that the hybrid density functional, B3LYP, was able to accurately reproduce 

the values and trends of EAs for a large set of neutral molecules, with calculated absolute errors 

of 0.14 eV.198 However, caution should be used when attempting to use any functional, as B3LYP 

overestimated the EA in 71% of the evaluated cases.198 More recent studies have shown that 

B3LYP is not an efficient choice to predict the EAs of fluorinated molecules, with both dispersion 

effects (completely lacking in the B3LYP formulation) and basis set choice showing a large impact 

on the calculated EAs.199 This study found that triple zeta basis sets combined with Grimme’s 

long-range and dispersion corrected hybrid functional ωB97χD was the best compromise in terms 

of accuracy and computational expense.199  

1.4.4 EA of Simple Perfluorinated Molecules and Perfluorinated Linear Alkanes 

The first notable, modern, DFT based work on the EAs of simple perfluorocarbons (C2FN 

N=1-6) and their anions were studied by King et al.200 These studies were ultimately undertaken 

to understand the EAs of these small molecules as well as the structural characteristics, such as 

bond length, which was shown to change as fluorine substitution was increased. King et al. 

determined hybrid DFT methods were the most accurate when compared to experimental values 

followed by HF and pure DFT, which were found to predict longer bond lengths and subsequently 
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higher values for the AEA. The authors observed that the AEA was the highest for C2F (2.97 eV) 

followed by C2F3 (2.25 eV). The lowest AEA was calculated for C2F6, whose value was less than 

or equal to 0.0 eV. The symmetrical molecules typically had the lowest EAs (0.21 eV for C2F4 and 

1.26 eV for C2F2), while asymmetrical molecules had higher positive AEA (C2F5 = 1.77 eV).200 

Depending on the method utilized, anionic C-F bond dissociation energies ranged from ~30 

kcal/mol to ~113 kcal/mol depending on the molecule and DFT functional utilized. This was the 

first demonstration that increasing fluorine substitution and the molecular symmetry could impact 

AEA in C2 perfluoro compounds, at least within a systematic computational approach.200 

Analgous to experimental studies, short chained linear perfluorocarbons were shown to 

have small and increasing AEA with increasing chain length for PFAs in the form CNF2N+2, from 

N=3-8, ranging from 0.39 to 0.71 eV.201 Only C2F6 was found to have a negative AEA, similarly 

noted by King et al.200 This work was the first to show that the presence of tertiary bonds in an 

arrangment of perfluorocarbons drastically increasing the AEA compared to the straight chain 

analogs, indicating that branched structures are much more likely to bind an electron. This 

enhanced reactivity of the tertiary bond in perfluorocarbons has been previously exploited and in 

many C‒F bond activation studies, with newer reviews showing selective activation of sp2 and sp3 

carbon centers, especially in synthetic approaches.13,202–207   

By viewing spin density distributions after electron attachment, it was observed that PFAs 

effectively bind an electron in C‒F antibonding orbitals. As noted, the C‒C bond is shortened by 

favorable orbtal overlap essentially creating a stronger C‒C bond in the bound electron state, and 

elongating the C‒F bond to significant distances, typically exceeding 2.0 Angstroms depending on 

length of the PFA and the surrounding carbon environment (branching effects).201 In the case of 

teritary C‒F bonds, the site is stabilized from favorable overlap in three directions, thus increasing 

the EA by appreicable amounts. For example, branched C4F10 and C5F12 have AEA of 1.11 and 

1.21 eV while their linear counterparts have AEA of 0.40 and 0.50 eV, indicating branched 

compounds would be much more likely to accept electrons, which could have drastic consequences 

in the remediation of PFAS using reductive techniques.201  
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1.4.5 EA of Perfluorinated Aromatic Molecules  

Further DFT studies by Xie et al.208 and Li et al.209 on perfluorinated aromatic molecules 

firstly showed that the AEA of perfluorinated benzene, anthracene and naphthalene have positive 

EAs, with increasing EA observed when the number of rings increased. These results are like the 

early studies on increasing fluorine substitution on benzene, which showed increase fluorine 

substitution shifts the NIR to lower energy and therefore higher EA.178 Although the trend exists 

also for the non-halogenated derivatives, both benzene and anthracene are calculated to have EAs 

that are less than zero, -0.88 eV and -0.20 eV respectively, indicating that fluorine has a significant 

impact on the stereoelectronic properties of aromatic hydrocarbons with the fluorinated versions 

having AEA of 0.69 eV and 1.02 eV. In a follow up study, the authors calculated the AEA of 

perfluorinated aromatic radicals in which one fluorine was removed from the ring. The authors 

found that the radical position and the ring size had little effect on the AEA, all of which were 

above 3.0 eV, particularly high compared to the highly electronegative fluorine atom (EA=3.4 

eV).210 The work on these aromatic systems was later extended to larger perfluorinated polycyclic 

aromatic hydrocarbons including anthracene, phenanthrene, pyrene, tetracene, chrysene and 

triphenylene. It was found that tetracene was the most efficient electron acceptor with an AEA of 

2.52 eV predicted at the B3LYP/DZP++ level of theory.211 The largest EAs were calculated for 

rings which had a linear arrangement of the fused rings which allowed for a more efficient 

delocalization of the unpaired spin in the system.  Although in previous study increasing the 

number of fused rings had a substantial impact on the predicted AEA, the arrangement of the rings 

also played a significant role in the electron accepting capacity of these perfluorinated PAH 

molecules.211     

1.4.6 EA of Cyclic Pefluoroalkanes 

The use of perfluorocarbons, especially perfluorocycloalkanes as etchant gases in 

semiconductor fabrication have increased their use and subsequent release to the atmosphere. 

Many of these perfluorocycloalkanes, especially c-C4F6, have been proposed to replace SF6 which 

has extremely high global warming potential.212,213 Several experimental studies have investigated 

the electron attachment in for C4 to C6 perfluorocycloalkanes and subsequent theoretical studies 

have attempted to recreate the EAs obtained by the experiments. Experimental studies on these 

compounds have proven difficult and even report a wide range of EAs for these compounds. 
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Experimental techniques including electron attachment in He and gas-phase ion/molecule reaction  

with SF6
‒ and O2

‒ respectively have calculated EAs to be 0.63±0.05 eV and 1.05±0.10/0.52±0.05 

eV for c-C4F6 using both two methods.214,215 The first value obtained by gas-phase ion/molecule 

reactions was assumed to originate from reactions with a low lying excited state, however; 

subsequent analysis deemed that this value was due to an experimental error using SF6
-, which has 

previously been noted as a poor electron shuttle.214,215 Persson et al. have provided valuable insight 

into the EPR parameters for variety of non-saturated perfluorocycloalkanes using a variety of 

experimental and theoretical techniques.216 The authors found that structural distortion was evident 

in nearly all the structures investigated, which arose from the mixing of π* and σ* orbitals at ‒

C=C‒ bonds.216 Subsequently, M. Shiotani et al. were able to identify the important 19F hf 

couplings corresponding to the positions of the characteristic features in calculated and 

experimentally derived anisotropic spectra.217  

Studies on saturated perfluorocycloalkanes showed that smaller ring systems cannot be 

accurately described by the widely employed B3LYP/DZP++ level of theory, noting that MP2 and 

CCSD(T) methods with augmented correlation consistent basis sets found to better predict the 

AEA of c-C3F6 and c-C4F8 to be 0.17 eV/0.17 eV and 0.44/0.61 eV (HF/ZPE corrected result) 

respectively.218 In a short communication, Gallup was able to obtain an EA of 0.62 eV using a 

vibrationally corrected ROHF-MP2/6-311G(d) computational method.219 These values were 

closer to the values predicted by Langmuir-probe experiments in He carrier gases for c-C4F8, 0.63 

eV.214 In a much cited study, Paul et al. showed that localization of spin density in saturated PFAs 

(c-CNFN+2, N=3-7) changes from a delocalized electron density across π*  ‒C‒C‒  antibonding 

orbitals for N=3-5, to more  localized distributions near C‒F σ* states for N=6-7.220 Figure 1.7 

illustrates this observed effect, showing that the singly occupied molecular orbital (SOMO) 

distribution for N=3-5 radical anions, showing the distinct changes in SOMO between N=5 and 

N=6 cases.220  

 

 



35 
 

 
Figure 1.7. SOMO plots for perfluoro radical anions at B3LYP/DZP++, (a) c-C3F6

-* (b) c-C4F8
-* 

(c) c-C5F10
-* (d) c-C6F12

-* Reproduced from Paul et al.220 

 

As with in the case of saturated, linear perfluoroalkanes, mono-trifluoromethyl substituents 

added to the ring system generally increase the EA of the system, with increasing stabilization 

with ring sizes up to C6, with a slight decrease in EA noted for CF3-substituted C7 rings. This 

effect is related to the greater radical stabilization in the tertiary C-F bond in the radical anion 

structure, vide supra.201,220 In addition, larger ring saturated ring systems including C8F16, C9F19, 

perfluorodecalin, and perfluoroadamantane have also been investigated, all showing increasing 

EAs with ring size.209,221 These molecules and the related perfluoro[bicyclo]alkane systems are all 

shown to have large positive EAs ranging from 1-2.5 eV.222 

Studies have also focused on cyclic perfluorocarbons radicals, deriving their structural 

characteristics, EAs and vibrational frequencies assuming loss of a fluorine from each structure. 

Analogous to perfluorinated aromatic compounds, increasing the ring size of perfluorocycloalkane 

radicals from C3 to C5 (2.81 eV (C3F5/C3F5
‒), 3.18 eV (C4F7/C4F7

‒), 3.34 eV (C5F9/C5F9
‒)) of 

saturated rings resulting in increasing AEA, with a small decrease from C5 to C6 (3.21 eV 

(C6F11/C6F11
‒)).223 These values were similar to the values obtained for perfluorinated aromatic 

hydrocarbons radicals above indicating that saturated systems similar or better electron acceptors 

compared to their unsaturated counterparts. Schaefer et al. found that many of these compounds 

have high IR intensities in the “IR atmospheric window” which is the region to affect the resulting 

global warming potential of these compounds.223 These studies expand on earlier work by  Morris 

et al. who showed that electron reactions with SF6 and c-C4F8 in the atmosphere producing the 

parent ion states decreases atmospheric lifetimes by half or more.224 The C‒F bond stretching 

frequency is in this IR window, and most of the tabulated frequencies, typically over 70% of the 

total IR intensities fall within this window for the molecules investigated. The more C‒F bonds 

that were in the molecule, the greater the total cumulative IR intensity found in the atmospheric 



36 
 

IR window, with the anionic molecules having 30% greater intensity on average in this region, 

indicating that reactions with electrons can drastically influence the global warming potential of 

these compounds.223   

1.4.7 Application: Perfluorinated Cage Molecules for “Electron Boxes” 

When it was realized that perfluorocycloalkanes could effectively bind electrons and 

display high AEAs, many efforts to design materials that could effectively localize and bind the 

electron have surfaced, focusing on maximizing the VDE of a perfluorinated structures. From a 

computational perspective, this was explored in 2006 by I. Shkrob and J. Schlueter who showed 

that calix[4]cyclohexanol could bind the electrons in certain states.225 These bond electron states 

showed striking similarity to the so called ‘hydrated electrons’ who are stabilized by several OH 

groups pointing towards a central point in space.225 This idea was first leveraged in terms of 

perfluorinated molecules by Irikura, who pioneered a concept called sigma stellation, in which a 

star like form of σ*(C‒F) antibonding orbitals could be concentrated at a central location, making 

the addition of an electron much more energetically favorable.226 Figure 1.8 shows the conceptual 

basis of star-like orbital formation alongside the B3LYP derived spin densities for the 

perfluorinated radical ions of various perfluorinated cyclic and caged molecules.226  

 
Figure 1.8. a) Conceptual schematic of the concept of sigma stellation. B3LYP sipin densities 
(contour=0.005) in perfluorinated radical ions of b) tetrahedrane, cubane, (first row) 
dodecahedrane, adamantane (second row) c) cyclopropane, cyclobutane, (first row) cyclopentane, 
and cyclohexane (second row). Reproduced from K. Irikura.226  

a) 

b) c) 
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Co-current studies by Zhang, Wu and Jiao showed that C20F20 also displayed similar 

properties in accepting electrons, calculating an EA of 3.66 eV at the B3LYP/6-

311+G(d)//B3LYP/6-31G(d) level of theory.227 In a subsequent publication, they showed that F‒ 

and H‒ containing endohedral dianions had similar negative (favorable) inclusion energies that 

were similar in magnitude to the electron case.228 The large AEA and VDE of the perfluorocubane 

anion radicals has been recently suggested to be a ligand of alkaline and alkali earth metal cations 

with the loss of one F‒ on the cage. 229 These anionic materials are predicted to have extremely 

large VDEs ranging from 5.1-6.5 eV which classifies them as a hyperhalogen material,230 highly 

electronegative materials which have super-oxidizing capacity.229 Topology studies of the C4F8, 

C8F8, C10F16, and C20F20 perfluorinated radical anions using the electron localization functional 

(ELF) demonstrated electron delocalization is more effective in larger perfluorocycloalkanes, with 

the C20F20 showing that its valence attractor inside the cage is type V(asyn) or that the critical point 

is not in contact with other basins.231 Two perfluorinated double-cage molecules, an asymmetrical 

e‒@C24F22(NH)2C20F18, and a symmetrical e‒@C20F18(NH)2C20F18 showed interesting charge 

transfer states corresponding to SOMO → LUMO occurred in these systems.232 The asymmetrical 

transitions had large oscillator strengths and lower excitation wavelengths compared to the 

symmetrical cage indicating that changing the size of the cage influences the charge transfer 

between the two cage units, which could be useful in the design of molecular electronics.232 

The preceding work was expanded using the various isomers of a theoretical 

pefluorofullerene, C60F60, which showed similar calculated AEAs to C20F20 with calculated VDE’s 

greater in the Ih (4.95 eV) and D6h (4.67 eV) structures which shows their ability to trap the excess 

electron compared to water (VDE=3.2 eV in bulk water).233,234 Wang has shown that an electron 

pair has large adiabatic inclusion energies in C60F60 isomers (-98 to 153 kcal/mol) and the first and 

second VDE show (1.72 eV and 5.29 eV for the Ih isomer) that the electron pair is more tightly 

held and has a higher inclusion energy.235 If this electron pair is encapsulated in larger 

perfluorinated fullerene type structures, it has been observed that the singlet diradical character of 

the electron pair increases, indicating that they occupy differing regions of the cage.236 A similar 

study carried out with externally bound potassium cations to various C60 isomers showed that the 

ionization potential nearly doubles and the position of the electron in the cage is pulled towards 

the edge, forming a surface bond electronic species, in the presence of K+.237 Lithium doped 
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endohedral perfluorofullerenes also showed similar changes to the electron localization in the cage, 

with the SOMO density showing both partial electron and lithium salt characteristics.238  

The preceding studies on EAs of a variety of poly/per-fluorinated molecules provides us 

with a wealth of fundamental knowledge about these materials, however, little work in these papers 

elucidate the mechanism of defluorination which may occur after the electron is bound in the C‒F 

anti-boding orbital, especially concerning the environmentally recalcitrant perfluoroalkyl acids. 

Although these previous experimental and theoretical studies highlight the fundamental 

characteristics of electron interaction/reaction with perfluorinated molecules, it is unclear what 

processes would be occurring in the aqueous environment and if solvent mediated effects may be 

occurring in systems utilizing a variety of reductive techniques. 

1.4.8 Notable Study on Linear Free Relationships for the Reduction PFAS 

Expansion of first principles knowledge on PFAS materials, especially from a linear free 

energy relationship (LFER) standpoint, is nearly absent in the literature apart from the 

aforementioned studies. One of the first attempts to establish a LFER for a variety of PFAS 

compounds was done by Rayne et al. who utilized calculated LUMOs to establish the relationship 

between an apparent reduction rate constant.161 Using a variety of semi-empirical methods, namely 

RM1 and PM6, in both the gas and aqueous phases the calculated LUMO energy was correlated 

to the rates of a variety of perfluoroalkyl compounds including the effects of all the possible 

congeners that each chain length is associated with. The semi-empirical results showed that chain 

length (C2 to C8 investigated) had a negligible effect on the predicted rate constants, however, 

branching affects were shown to have significant impact on the predicted rate constants, indicating 

that the presence of tertiary C‒F bonds is important in the case of reductive techniques.161  

Although this study was the first to consider in depth congener effects for a variety of PFAS 

compounds, the use of semi-empirical methods to derive LUMO energies should provide only a 

qualitative, at best semi-quantitative, method to understand the reduction of these molecules. The 

semi-empirical based work seemed to ignore the intermediate radical-anion state proposed early, 

which show that the C-F bond becomes elongated once the electron is accepted, and for most chain 

lengths beyond three carbon units, the elongated bond is typically in the middle of the 

perfluoroalkyl chain. This intermediate species and the subsequent AEAs predicted by DFT 
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calculations for perfluoroalkanes at various chain lengths show more notable chain length affects, 

which is entirely absent from the current work in discussion, possibly due to the rationale above.   

1.5  Outline of Thesis  

In subsequent chapters, this dissertation will rely heavily on electronic structure 

calculations and theoretical chemistry. Theoretical chemistry techniques, especially within the 

Density Functional Theory (DFT) framework, have provided a stable foundation for developing 

the foresight needed to elucidate the degradation pathways these environmental contaminants on 

a molecular level. The second chapter of this thesis was one of our first attempt to provide LFERs 

between the degree of reductive defluorination by Cobalt-containing catalysts and the bond 

dissociation energy (BDE) of a diverse set of PFAS substrates. Although the bond dissociation 

energy of the weakest bonds in these substrates provided some qualitative predictions into the 

reduction behavior in those contexts, Chapter 3 shows that bond dissociation energy alone is not 

enough to understand the complexity of the mechanisms of PFASs’ reduction. Furthermore, 

Chapter 3 provides a more eloquent view of the reduction of linear perfluoroalkyl acids (PFAAs), 

and provides a simple, step-wise method to predict the standard reduction potential of a PFAS 

substrate and the pathways leading and following C‒F bond cleavage; both of which provide more 

meaningful predictions for experimentalists and theorists alike. Chapter 4 then describes the 

possibility of isomerization reactions due to radical formation from redox-driven degradation 

processes, a previously ignored set of pathways for PFASs. Radical based processes have also 

been implicated to play a role in the synthesis of PFASs and are essential to understanding the 

isomer distributions observed during the synthesis of PFASs. The isomerization reactions 

described have implications in a variety of contexts including environmental forensics, elucidating 

the products and mechanisms of redox-based degradation methods and understanding their 

differential toxicity in plants, animals and humans. Although not directly related to PFASs, 

Chapter 5 describes the complexity of radical stability in resonantly stabilized radical compounds 

which are ubiquitous in both environmental chemistry and many other fields.  

This molecular level approach to the remediation of PFASs has the potential to change the 

paradigms of how we mitigate environmental pollution for emerging contaminants beyond PFASs 

and how we can invent more environmentally conscious materials for decades to come. In addition 

to describing the nature of PFASs chemistry and other environmentally relevant compounds, the 
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ongoing and future work described in Chapter 6 shows that a true merger of theoretical and 

experimental chemical techniques can further inform approaches to remediate a vast array of 

chemical contaminants through both oxidative and reductive means.  
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CHAPTER 2 

BOND DISSOCIATION ENERGY AND ADIABATIC ELECTRON AFFFINITY OF 

PERFLUOROALKYL CONTAINING SUBSTRATES AS A QUALITATIVE  

MARKER FOR ESTABLISHING LINEAR FREE ENERGY  

RELATIONSHIPS FOR CO(I) MEDIATED  

REDUCTIVE DEFLUORINATION 

Modified from a manuscript published in Environmental Science & Technology Letters: 

Liu, J.1; Van Hoomissen, D. J.2; Liu, T.; Maizel, A.; Huo, X.; Fernández, S. R.; Ren, C.; Xiao, X.; 

Fang, Y.; Schaefer, C. E.; Higgins, C. P.; Vyas S.3; and Strathmann, T. J.4 Reductive 

Defluorination of Branched Per- and Polyfluoroalkyl Substances with Cobalt Complex Catalysts 

Environmental Science & Technology Letters 2018 5, 289-294 DOI: 10.1021/acs.estlett.8b00122 

2.1 Abstract 

 Reduction via Cobalt centered Vitamin B12 cofactors has long been utilized by microbes 

to mitigate the deleterious effects of halogenated organic compounds.  Research inspired by this 

biochemical machinery has focused mainly on chlorinated and brominated compounds, 

particularly the ethylene derived solvents containing one or more chlorine molecules, e.g. 

polychloroethyelene (PCE) and trichloroethyelene (TCE). In the past decade, investigations into 

the defluorination of fluorinated organic compounds has received some attention to remediate 

environmental pollutants, however, the degradation mechanisms remain largely unexplored to 

date. The subsequent text describes our first attempts to establish a relationship between the 

observed rates of defluorination resulting from reactions with Co(I) macrocycles and a diverse set 

of PFAS substrates. The bond dissociation energy of the weakest C‒F bond in each substrate 

investigated provided a qualitative understanding of the initial reactivity of the substrate towards 

reductive defluorination at elevated temperatures; however, was unable to provide insight into the 

differing reactivity of Co-porphyrin or Co-corrin macrocycles.   
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2.2 Introduction 

2.2.1  Biotransformation of PFOA and PFOS Precursors 

 Most PFAS compounds, especially the perfluorinated alkyl acids, are known to be 

recalcitrant in the environment1 with few, if any, degradation mechanisms described in natural 

environments. In general, there are few enzyme-mediated mechanisms to degrade high strength 

C‒F bonds found in fluorinated organic molecules, however a number of examples have been 

previously reviewed in the literature.2 The first example of biological defluorination was that of p-

fluoroaniline by horseradish peroxidase,3 and subsequent studies have shown that cytochrome P450 

can catalyze the defluorination of particular compounds in mammals.4,5 Much effort and 

knowledge has been dedicated to microbially induced degradation of PFOA and PFOS precursors, 

especially fluorotelomer alcohols, sulfonamides and phosphorous containing molecules.6–10  

 Despite existing reports of microbial gradation of compounds containing aromatic C‒F 

bonds, no specific species have shown efficacy towards the alkyl acids, PFOA and PFOS. 

Nevertheless, some derivatives such as 1H,1H,2H,2H-perfluoroctane sulfonate (H-PFOS) and 

difluoromethane sulfonate were partially and fully defluorinated, respectively, by Pseudomonas 

sp. strain D2 in pure cultures.11 PFOS was immune to biodegradation in pure culture, mirroring 

the results of studies with activated sludge in both aerobic and anaerobic conditions. Remde and 

Debus found that non-ionic surfactants were degraded, however PFOS not only did not degrade, 

it inhibited at least 50% of methanogenesis, indicating a passivating effect on microbial 

populations.12 

2.2.2 Insight from Reductive Dehalogenase Containing Enzymes 

 Some microbes have gathered much attention due to their efficacy towards halogenated 

pollutants, namely Dehalococcoides organisms of the chloroflexi family of microbes.13 The 

inhibition of methanogens and Dehalococcoides organisms by fluorinated environmental 

contaminants has been demonstrated in the literature. PFOA, PFOS and AFFF formulations have 

all shown inhibiting effects to trichloroethylene (TCE) dechlorination by Dehalococcodies 

Mccartyi (Dhc), the only known species to fully dechlorinate TCE to ethene.14–16 Dhc are obligate 

anaerobes who respire organohalides, require hydrogen as an electron donor, and use acetate as a 

carbon source.14 Dhc utilize Vitamin B12 cofactors in reductive dehalogenase enzymes (RDases) 
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to support metabolic growth. Dhc strains typically contain one of three RDases, TceA, VcrA, and 

BvcA; all of which have similar structural characteristics, possessing two corrinoid dependent 

iron-sulfur clusters.14 The presence of a particular RDase is the most important factor in 

determining what halogen pollutant can be degraded, with vast differences in reactivity noted for 

TCE, 1-1,dichloroethylene (1-1DCE), cis-dichloroethylene (cis-DCE) and vinyl chloride (VC), to 

name a few.17–20 Although Dhc is the key microbe to known to degrade halogenated pollutants, 

many studies have shown that a particular microbial consortium is necessarily to facilitate efficient 

degradation.21 For example, acetate and hydrogen are provided by the fermentation of nearby 

carbon sources by other microbes,22 while CO, an inhibitor to Dhc growth, is also consumed by 

CO-degrading bacteria.23 Even the corrinoid cofactor must be sourced and modified from the 

environment,24 indicating that a variety of factors are necessarily to exploit the full potential of 

Dhc microbes in the environment and mixed cultures.  

2.2.3 Corrinoid Induced Dehalogenation Mechanisms: Chlorine and Bromine 

Recently, the mechanisms of microbially-mediated reductive dehalogenation have begun 

to be elucidated in the literature, with outer sphere electron transfer (OSET), proton coupled 

electron transfer (PCET) and inner sphere SN2 attack by the cobalt center hypothesized to be the 

most likely reactions between halogenated contaminants and corrinoid cofactors.25–27 

Computational and experimental studies have also suggested that neighboring amino acids in these 

enzyme environments can facilitate PCET reactions in the case of brominated and chlorinated 

benzene contaminants.25–27 Isotope studies have shown that OSET contributes less to the 

degradation than inner sphere mechanisms in the case of TCE degradation, however, non-

microbial reductive dehalogenation did not necessarily follow this trend, indicating microbial 

environments degrade halogenated compounds in specific fashions.28 

2.2.4 Corrinoid Induced Dehalogenation Mechanisms: Fluorine 

 The first example of reductive defluorination of a perfluoroalkyl acid by a biomolecule was 

demonstrated by Ochoa-Herrera et al.29 Titanium(III) Citrate was used to reduce the cobalt-

centered Vitamin B12 (VB12) to the +1-oxidation state, achieving a 18% defluorination rate for 

ECF-based technical PFOS. Characterization of F‒ yields and the concentration of PFOS with time 

was achieved with LC-MS/MS, 19F NMR and F‒ chromatography, and ultimately showed that 
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branched sulfonate isomers were more susceptible to reductive dehalogenation by 

Ti(III)Citrate/VB12, with very few, if any, linear isomers degrading over the course of the 

experiment. Using a starting pH from 6.4 to 8.9, the authors found that higher pH conditions 

promoted F‒ yields at constant temperature (30 °C), while higher temperatures, up to 70 °C, were 

also shown to increase F‒ yields. The pseudo first order rate constant was found to be 0.0204 hr-1 

slower than the rate constants of VB12 reduction for CCl4 and CCl2, but faster than cis-DCE and 

hexachlorobenzene and a polychlorinated benzene congener. 29  

 Theoretical DFT calculations by Ochoa-Herrera et al. were in partial agreement with the 

congener distributions found in the literature; however, evidence provided in Chapter 1 shows that 

kinetic affects during the ECF process are more likely to impact the congener distributions of ECF 

formulations. EPR measurements showed that a VB12-carbon centered radical was present in the 

reaction.29 It was assumed that tertiary adducts containing more CF3 substituents would be more 

vulnerable and favorable for VB12 nucleophilic attack, and that the reductive dehalogenation 

proceeded through the cleavage of the weaker C‒C bonds, however, a lack of product studies 

makes this a difficult hypothesis to verify.  

 The importance of isomer effects, highlighted in previous sections, becomes innately clear 

with recent contributions by Park et al. who explored alternate reductants with VB12.30 Nanoscale 

zerovalent zinc (nZn0), iron (nFe0), and palladium coated nanoscale zerovalent (Pd0nZn0) were 

chosen as alternate reductants for PFOS. In all cases, linear PFOS was not decomposed with any 

of the reductants or at elevated temperatures (70 °C). However, branched isomers were shown to 

degrade. In general, higher temperatures promoted larger defluorination rates of branched PFOS 

and experiments at constant temperature showed slightly higher rates of branched PFOS 

degradation vs. PFHxS.30 Trifluoromethyl (CF3) branches furthest from the sulfonate head group 

had the largest degradation rates. This inverse relationship between CF3 branches and head groups 

was also evident in PFHxS degradation, as the rate was at least two times slower and exhibited 

less defluorination vs. PFOS.30   

 Park et al. provided valuable insight into cobalt catalyzed reduction of PFOS and its 

isomers, showing that measuring the removal of a compound along is not sufficient in judging the 

effectiveness of certain remediation strategies. Park et al. also showed that VB12 cannot 

fundamentally degrade linear perfluorinated acids, no matter the reductant utilized. Careful 
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inspection of the proposed degradation pathway shows that many of the compounds quantified 

reached steady state concentrations in 21 days, indicating the successive replacement of H with F 

atoms inhibits the reaction of VB12 with the fluorinated intermediates.30 Additionally, the mass-

spectral data predicts that many alkene functionalities appear in the intermediate structures, which 

may enable further reactivity.  

 The reactivity of fluorinated molecules to reductive dehalogenation was also explored by 

Im et al. who explored the aquatic fate of a replacement refrigerant compound 2,3,3,3-

Tetrafluoropropene (HFO-1234yf).29 The authors explored three scenarios: anaerobic and aerobic 

microbial degradation, abiotic degradation via reactive minerals, and zerovalent iron and finally 

cobalamin-catalyzed transformation. HFO-1234yf was only found to be degraded under aerobic 

microbial and cobalamin-catalyzed conditions, with little reaction observed for reactive mineral 

phases and anaerobic conditions.29 VB12 and Ti(III)Citrate catalyzed conditions were found to be 

amendable to degrade HFO-1234yf, with 3,3,3-trifluoropropene and 3,3-difluoropropene observed 

as degradation products.29 The presence HFO-1234yf was found to inhibit the degradation of 3,3,3-

trifluoropropene to 3,3-difluoropropene, however, separate experiments showed that 

VB12/Ti(III)Citrate was able to catalyze the decomposition.31 The rate of reductive defluorination 

of HFO-1234yf in cobalamin catalyzed reactions in this study was orders of magnitude lower than 

that of branched PFOS derivatives in the preceding study, perhaps due to the shorter chain length 

and solubility of HFO-1234yf vs. PFOS and PFHxS.  

 Although Park et al. and Im et al. provide some mechanistic explanation to the 

defluorination via Cobalt centered VB12 molecules, few theoretical studies exist to complement 

the findings of both studies. The only notable computation exploration into the mechanism of 

Cobalt catalyzed defluorination by cobalamin-based structures is provided by Cortés-Arriagada et 

al. who found that the inner sphere SN2-type mechanism for VB12 attack to CH3F had a ~12 

kcal/mol barrier when the VB12 macrocycle was in its base-on confirmation.32 Although this study 

provides more insight into the reactivity of Co(I) towards fluorine containing molecules, it is 

generally accepted that Co(I) reacts primarily towards halogenated organics in the base-off 

confirmation. Further studies on more complicated molecules beyond the hypothetical case is 

necessary to confirm the conclusions provided by D. Cortés-Arriagada et al.32 is chapter provides 

a more thorough investigation of the relationships between the experimental defluorination ratios 
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observed in Liu et al.33 Liu et al. found that the degree of defluorination of various PFASs by 

Ti(III)Citrate/Co-macrocyles was dependent on the molecular structure of the PFASs. To 

contextualize and explain the experimental findings, electronic structure calculations were utilized 

to compute the bond dissociation energies of all the PFASs in Liu et al. 

2.3.  Computational Methods 

 Electronic structure calculations allowed us to rationalize our results using a systematic 

thermodynamic approach. Bond dissociation energies (BDEs) of C‒F bonds, and adiabatic 

electron affinities (AEA) were calculated using Grimme’s GD6-BJ empirical dispersion 

corrected34 hybrid density functional theory (DFT) at the B3LYP/6-311+G(2d,2p) level of 

theory.35–38 Truhlar’s SMD solvent model was chosen to implicitly model the aqueous 

environment.39 BDEs were calculated for all unique C‒F bonds for the structures shown in Figure 

2.1. Since pKa of perfluoroalkyl acids is believed to be lower than 2,40 all acidic functionalized 

PFASs treated as deprotonated species throughout Equation 2.1, while the adiabatic electron 

affinity was computed through Equation 2.2. 

 𝐵𝐷𝐸 = (𝐻𝑅𝑎𝑑𝑖𝑐𝑎𝑙
∗ + 𝑋𝑟𝑎𝑑𝑖𝑐𝑎𝑙

∗ ) − 𝐻𝑃𝑎𝑟𝑒𝑛𝑡
∗        (2.1) 

H* represents the enthalpy of formation of fluorinated molecule, while X represents a hydrogen 

or fluorine atom.  

 𝐴𝐸𝐴 = 𝐻𝑁𝑒𝑢𝑡𝑟𝑎𝑙
∗ − 𝐻𝐴𝑛𝑖𝑜𝑛

∗          (2.2) 

Here ‘Neutral’ refers to the energy prior to electron transfer while ‘Anion’ refers to the substance 

after electron transfer. In the case of the carboxylic acid structures, the first term will already in 

the anionic form and the second term will be a dianion-radical. 

2.4.  Results and Discussion 

 Figure 2.1 shows that C‒F bond dissociation energies (BDEs) of all unique C‒F bonds in 

the chosen PFAS molecules, which can provide some qualitative insights into mechanisms for the 

initial step of defluorination. On average, primary C‒F bonds had the greatest bond dissociation 

energies (481.6 ± 7.0 kJ mol-1), followed by secondary C‒F and tertiary C‒F bonds, 442.7 ± 11.7 

and 405.8 ± 19.4 kJ mol-1 respectively. This data is in general agreement with literature reports 

which state that the C‒F bonds in PFAS molecules are as strong as 480 kJ mol-1. This data also 

shows that more branching there is in the structure, smaller the BDE of C‒F bonds. Our 

preliminary hypothesis is that molecules with the most facile C‒F bonds would be the most 
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susceptible to reductive dehalogenation. The computational results corroborate the experimental 

findings of Liu et al. that branched structures with more tertiary C‒F bonds will be reduced the 

most, with unbranched structures showing little or no reactivity towards reduction.33  

 

 
Figure 2.1. Calculated bond dissociation energies (in kJ mol−1) at B3LYP/6-311+G(2d,2p)/SMD 
level of theory of C−F bonds for all structures investigated by Liu et al.33 All acidic groups were 
treated as deprotonated carboxylates.  
 

 Although tertiary bonds are hypothesized to be a large factor in the reductive halogenation 

of PFAAs and related compounds, not all bonding tertiary bonding environments have the same 

C‒F bond dissociation energy, indicating the local bonding environment can influence the 

mechanism of reductive halogenation. For PFOA (7), the lowest BDE (451.9 kJ mol−1) was located 

at the alpha-position to the carboxylate group and can be attributed to the favorable π stabilization 

by the carboxyl group of the radical produced following C‒F bond cleavage. In structures 1, 8 and 

9, secondary C‒F bonds adjacent to branch points have lower BDEs (414.2 to 431.0 kJ mol−1) 

compared to similar C‒F bonding environments.  Moreover, BDEs for tertiary C‒F bonds within 

the structures for which defluorination was observed (compound 1−3 and 8−10) ranged from 364.4 

to 431.0 kJ mol−1. However, BDEs ranging from 431.4 to 443.9 kJ mol−1 were found in the two 

branched structures with no defluorination (4 and 5), again indicating that the local environment 
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governs the strength of C‒F bonds and further evidence that BDE is only a qualitative marker for 

reduction behavior. Although contrary to defluorination mechanism provided in work by Park et 

al., we posit the initial defluorination occurs at these weaker tertiary C‒F bonds.  

 The local environment had the greatest impact on the C‒F bond strength in structure 2, 

which had the lowest calculated C‒F BDE (364.4 kJ mol−1). Despite compound 2 having two sp2 

C−F bonds with high BDEs (478.2 and 477.8 kJ mol−1), the bonding with the C=C double bond 

significantly weaken the tertiary C−F bond. Similar results have been reported by Im et al., who 

reported B12-catalyzed defluorination of the only sp2 C−F in refrigerant HFO-1234yf 

(H2C=CF−CF3) yielding H2C=CH−CF3, and further defluorination of one sp3 C−F in 

H2C=CH−CF3 yielding H2C=CH−CF2H. Unsaturated structures such as 2 and HFO-1234yf would 

most likely undergo reductive defluorination similarly to the case of Co-catalyzed dechlorination 

of chlorinated ethenes if Co(I) is the reducing agent. In these cases, Co(I) addition to the bond or 

addition to the alkene functionality is typically observed as the dominant mechanistic processes 

from the perspective of theory and experiment.28,41  

 Park et al. suggested that both alkene and H-substituted structures were the result of the 

defluorination of branched PFOS isomers,30 therefore we took the carbon which had the lowest 

BDE and substituted a hydrogen for one of the fluorines and recomputed all the BDEs, shown in 

Figure 2.2. There is no clear quantitative trend in the magnitude of change in the BDEs; however, 

some qualitative conclusions can be drawn about how hydrogen atoms impact BDEs and 

defluorination rates. In the case of 1-3¸ hydrogen increases the BDEs of the nearby C‒F bonds 

significantly. The changes are the most significant in 2¸ where each BDE was found to increase 

from 9.6 up to 15.1 kJ mol-1. The change in BDE is not as significant when methylene carbons (4 

and 8) or oxygen (5) atoms are adjacent to the site of substitution. When an H-atom is substituted 

at the alpha-position for the carboxylic acid, significant changes are noted for the entire linear 

chain. Although PFOA (7) did not show any significant defluorination by Co(I) structures, this 

result could explain the reductive defluorination results of previous works utilizing stronger 

reductants, where H-atoms were observed to insert in the alpha positions following reduction by 

hydrated electrons.42 
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Figure 2.2. Change of C−F bond BDEs (in kJ mol−1) when the weakest C−F is replaced by a C−H 
(location indicated by a blue arrow). BDEs were calculated at B3LYP/6-311+G(2d,2p)/SMD level 
of theory. All acidic groups were treated as deprotonated carboxylates. Significant BDE changes 
(i.e., ±2.5 kJ mol−1) are highlighted in red (increase) and green (decrease). 
 

 To understand if BDE is a suitable marker for the initial defluorination of PFASs when 

catalyzed by Co(I)-containing catalysts, the defluorination ratios (at day 1 and 15) obtained by Liu 

et al.33 were plotted against the BDE of the weakest C‒F bond was plotted as shown in Figure 2.3 

for VB12 and Co-PP. Figure 2.3 illustrates that BDE is not the greatest descriptor for the reductive 

dehalogenation of PFASs when the compounds which showed significant defluorination in studies 

by Liu et al. were used.33 The weakest C‒F BDE appear to have a linear relationship with the 

defluorination ratio measured on the first day for VB12 and to a lesser extent for Co-PP (Figure 

2.3a), although neither catalyst had any significant correlation at longer reaction times (Figure 

2.3b). This result also indirectly indicates that the mechanism of defluorination by Co-PP is 

possibly different when compared to VB12., and/or, that BDE is not sufficient to form LFERs.  
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Figure 2.3 C‒F BDE vs. experimental defluorination ratio (F- released/F total) at a) day 1 and b) 
day 15. Only structures from Figure 2.1 which showed defluorination in 30 days were plotted 
above.  
 

 Moving beyond BDE as a chemical descriptor, we considered what would happen if the 

substrate were to be in its reduced form, e.g. following an outer-sphere electron transfer event. An 

electron was added to each substrate which showed appreciable degradation in Figure 2.3 and the 

energy difference between the neutral and anionic (or anionic and di-anionic forms) was computed. 

This energy difference, known as the adiabatic electron affinity (AEA), was computed by Eq. 2.2 

for the substrates of interest. Similar to Figure 2.3, Figure 2.4 was prepared to understand the 

relationship between the initial defluorination ratios observed at day 1 and the computed AEA. 
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Interestingly, we observed reasonable linear correlations for both VB12 (R2=0.78) and Co-PP 

(R2=0.95), which indicate AEA might be a better descriptor for establishing linear free energy 

relationships than BDE. Unfortunately, both BDE and AEA based methods are only suitable for 

understanding the initial reactivity of the substrate of interest. Furthermore, differences between 

the trends in defluorination vs. AEA for Co-PP and VB12 may indicate differences in mechanism, 

so explicit treatment of the ring system appears necessary. The use of AEA to describe the 

reduction energetics of PFASs is the focus of the next chapter, which describes the reductive 

defluorination of linear PFASs, including the highly relevant and recalcitrant compounds PFOS 

and PFOA.  

 

 
Figure 2.4. Adiabatic electron affinity (AEA) (enthalpy basis) calculated at the B3LYP-
GD3BJ(SMD=water)/6-311+G(2d,2p) level of theory vs. the experimental defluorination ratio at 
day 1 (from Liu et al.) for compounds undergoing significant degradation by VB12 (top) and Co-
PP (bottom) in Figure 2.1. Red data points are the alcohols which underwent reductive 
defluorination.  
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2.5.  Conclusions 

 From the results of Liu et al. and others, reductive defluorination of PFASs by Co(I) does 

not appear to be a viable remediation approach for several reasons including the need for elevated 

temperature, secondary reductants, and the inability to degrade linear PFAS isomers. Nevertheless, 

DFT calculations of the BDEs could be used to probe the initial reactivity of reductants towards 

PFASs as C—F bond cleavage is a likely pathway in these systems. Despite qualitative trends, 

being able to reason which substrates would be amenable to attack by the reductant catalyst, BDE 

was a poor marker for elucidating the chemical mechanisms involved in reductive dehalogenation. 

However, AEA which takes the energy of the reduced substrate into account, had a more suitable 

correlation to the experimentally derived defluorination ratios, indicating this energetic marker 

would be worth investigating in future work. At the very least, these studies were the first attempt 

to describe the position and energetics of C—F bond cleavage in the reduction of PFAS 

compounds and provide a foundational intuition towards which compounds could be amendable 

to Co(I)-based reduction in a variety of chemical systems.  
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CHAPTER 3 

EARLY EVENTS IN THE REDUCTIVE DEHALOGENATION OF LINEAR 

PERFLUOROALKYL SUBSTANCES  

Modified from a manuscript published in Environmental Science & Technology Letters 

D. J. Van Hoomissen1 and S. Vyas. 2 Environmental Science & Technology Letters Article 

ASAP DOI: 10.1021/acs.estlett.9b00116 

3.1 Abstract 

This letter details the early events in the reductive defluorination of perfluoroalkyl 

substances (PFASs) and presents a straightforward methodology to predict the reduction behavior 

of the perfluoroalkyl acids (PFAAs) using electronic structure calculations. Perfluorooctane 

sulfonate (PFOS) and perfluorooctanoic acid (PFOA), two widely studied and scrutinized PFAAs, 

are reduced through diverging pathways. Electron attachment to linear perfluorocarboxylic acids 

(PFxAs) generally occurs at the α-carbon and is energetically not correlated to chain length, 

contrary to the linear perfluoroalkane sulfonates (PFxSs) where electrons generally insert into 

other positions. Our protocol can predict the standard reduction potentials of PFAAs, provides a 

rational basis to probe reaction intermediates, establish free energy relationships, and accounts for 

PFASs’ inherent structural diversity beyond the linear substrates. 

3.2  Introduction 

Widespread biosphere contamination by PFASs has become a worldwide dilemma1 after 

decades of pervasive and unregulated use. Their inherent chemical recalcitrance combined with 

evidence of bioaccumulation2,3 is catalyzing a worldwide effort to detect PFAS in the 

environment4,5 and also mitigate the pathways of exposure.5 As the epidemiological implications 

of PFAS-based pollution have become recognizable outside of scientific circles, many studies 

continue to highlight the troubling aspects of acute and chronic toxicity.6 The increasing evidence 

of the negative impacts to human physiology, coupled with their continued and worldwide use, 

warrants a more concerted effort to understand PFAS degradation on a molecular level.7 Studies 

describing oxidative degradation techniques and their associated mechanisms are prevalent in the 

                                                      
1 Primary author and researcher 
2 Corresponding author. Email: svyas@mines.edu 
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literature,8–10 however, theoretical and mechanistic studies concerning reductive techniques are 

scarce. The semi-empirical work of Forest et al.11, Paul et al.’s analysis of electron attachment to 

gas-phase n-perfluoroalkanes (n-PFAs)12, and Blotevogel et al.’s recent exploration into the kinetic 

aspects of PFOA reduction via zero-valent metals13 are some noteworthy exceptions. The current 

work aims to reframe and expand our knowledge of how PFASs are reduced at the molecular level. 

3.3 Computational Methods 

All stationary points were located with three density functionals, B3LYP14–16, M06-2X17 

and ωB97-XD18 with 6-311+G(2d,2p) basis sets using the Gaussian 09(d.01) software suite.19 

Hessian calculations were used to verify whether the structure was a minimum or maximum. 

Where applicable, the SMD implicit solvent model20 was utilized to mimic an aqueous 

environment. The Natural Bond Orbital (NBO 3.121, Gaussian09) method provided atomic spin 

densities and charges. All PFAAs were assumed to be in a deprotonated (anionic) form (see list of 

acronyms in the supporting information). Standard reduction potentials (𝐸𝑠
°) were calculated 

against the standard hydrogen electrode (SHE = 4.44V) via Eq. 3.1. 

𝐸𝑠
° =

∆𝐺(𝑆𝑀𝐷)

𝑛𝐹
− 𝑆𝐻𝐸          (3.1) 

3.4  Results and Discussion. 

3.4.1  PFBS and PFPeA as Model Systems for Electron Attachment 

First, we qualitatively explored electron (e−) attachment to perfluorobutane sulfonate 

(PFBS) and perfluoropentanoic acid (PFPeA). Relaxed potential energy surface (PES) scans at the 

B3LYP level revealed the intermediates following e− insertion (see Appendix A). Upon reduction, 

the pathways leading to the dissociation of the C—F bond were the most thermodynamically 

favorable (Figures A1-A16). The geometries and NBO populations of the optimized e− adducts 

for PFPeA and PFBS were indicative of dissociative e− attachment processes (Figure 3.1). 

Electron attachment was considered “fully dissociative” if the atomic spin density was zero on the 

dissociated fluorine(ide). By this definition, PFPeA_1a/b and PFBS_1 are considered fully 

dissociated. 
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Figure 3.1. Intermediate radical-dianion conformations after electron attachment to PFPeA and 
PFBS with the position indicated by ‘structure_carbon#’. NBO partial atomic charges and excess 
α-spin densities [in brackets] are given for ‘atom groups’ except where the extra electron is present 
(bolded values) in which all atomic centers are given. *Denotes the lowest energy conformations 
using ZPE corrected energies at the B3LYP(SMD)/6-311+G(2d,2p) level.  

  

 Thermodynamically, the most favorable position for e− insertion was directly dependent 

on whether the compound was a carboxylate or sulfonate (Table 3.1). Aqueous one-electron 

reduction potentials were computed by treating the intermediates as complexed (𝐸𝑠,𝑐𝑜𝑚.
° ) or 

dissociated/infinitely separated (𝐸𝑠,𝑠𝑒𝑝.
° ) products; 𝐸𝑠,𝑠𝑒𝑝.

° values were less negative due to entropic 

effects. The aqueous reduction potentials computed generally correlated with the BDE of the 

parent mono-anion’s C—F bond. Electron attachment to PFPeA occurs near the α-(C1)carbon (to 
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the head group) and results in complete dissociation of the C—F bond, while for PFBS, e− insertion 

occurs at the γ-(C3)carbon and forms a stable intermediate. PFPeA_1a/1b are the most stable 

because the radical can adopt a planar geometry stabilized by the π-system of carboxylate. 

Blotevogel et al. also predicted reduction the α-carbon for PFOA which was predicated by 

computing C—F BDEs at the M06-2X level.13 The sulfonate’s trigonal geometry in PFBS_1a 

cannot impart the same π-stabilization, which is evident by contrasting the spin/charge populations 

between PFPeA_1a/1b and PFBS_1a. Desulfurization (PFBS_0), proposed in the UV-Sulfite 

mediated reduction of PFOS22, was also found to be thermodynamically favorable. Structures akin 

to PFPeA_0 have been previously proposed as photo-reduction intermediates23,24 and was the only 

observed case of non-dissociative e− attachment. NBO analysis of PFPeA_0 illustrates that the 

additional e− is mostly centered on the carboxylate, indicating the influence of the 𝜋𝐶=𝑂
∗  orbitals 

on reactivity. A barrier-less transition state structure was identified which connects PFPeA_0 and 

PFPeA_1b and represents one of many possible mechanisms for e− attachment to PFxAs leading 

to F− discharge (Scheme 3.1 and Figure A18).  

 

Table 3.1. Relative bottom-of-the-well (ΔErel,HF) and zero-point corrected energies (ΔErel,ZPE), the 
C—F bond length (Å) for each electron attachment location, the C—F bond dissociation energies 
of the parent molecule (kJ/mol), and the 1 e- reduction potentials for conformations shown in 
Figure 3.1 (V) (SHE=4.44V) at the B3LYP(SMD)/6-311+G(2d,2p) level of theory. *denotes 
lowest energy conformation. 

 ΔErel,HF ΔErel,ZPE RC—F BDEC—F 𝑬𝒔,𝒄𝒐𝒎.
°  𝑬𝒔,𝒔𝒆𝒑.

°  
PFPeA_0 131.5 128.9 -- -- -2.99 -- 
PFPeA_1a 2.4 2.1 3.665 439.4 -1.50 -1.22 
PFPeA_1b* 0 0 4.001 441.8 -1.52 -1.26 
PFPeA_2 12.3 12.8 2.386 450.5 -1.74 -1.32 
PFPeA_3 7.3 6.9 2.374 452.6 -1.64 -1.34 
PFPeA_4 45 44.8 2.501 490.1 -2.02 -1.76 
PFBS_0 44.3 42 -- -- -2.02 -- 
PFBS_1 8.8 9.2 3.547 454.3 -1.61 -1.32 
PFBS_2 8.4 8.8 2.336 440.7 -1.72 -1.19 
PFBS_3* 0 0 2.309 448.8 -1.61 -1.26 
PFBS_4 38.5 38.55 2.439 489.4 -2.00 -1.74 

 

 Following the first reduction and F− release, the geometry of the anion-radical and presence 

of a protic solvent has sweeping implications on its subsequent reactivity (Scheme 3.1). Contrary 

to the mechanism suggested by Qu et al., we found radical H-atom abstractions from a water 
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molecule kinetically and thermodynamically unfavorable.25 However, perfluoro-dianion species 

created by a second reduction can abstract a proton from water in a kinetically favorable and near-

thermoneutral process (Tables A1-A4).  Double bond formation, suggested in VB12-mediated 

reductive defluorination of branched PFxS,26 was also observed following the second reduction of 

PFPeA_1a, except when explicit water molecules formed hydrogen bonds with the carbanion. Full 

consideration of the solvent’s role in PFAS reduction was beyond the scope of the current work, 

nonetheless, these results corroborate previously proposed mechanisms24,27 including those 

hypothesizing that hydrogen is incorporated into the C—C backbone.23,26,28,29   

Scheme 3.1. Proposed mechanism for two-electron reduction for PFPeA_0 in (1) organic non-
protic solvents and (2a) explicit aqueous conditions for PFPeA_1a and (2b) implicit stepwise 
pathway for PFPeA_1b. After the first reduction and fluoride release (red atom), the carbo-radical 
can undergo a second reduction, releasing fluoride (blue atom) in organic solvent or in aqueous 
conditions can undergo reaction with water (green atoms) to form H-incorporated compounds.  

 

3.4.2 Benchmarking Computational Methods: n-PFAs and Instantaneous Electron 
 Attachment 

 Concurrently, we assessed instantaneous e− attachment to various (C3-C8) n-PFAs, n-PFxSs 

and n-PFxAs (C3 excluded) by computing vertical attachment energies (VAE). VAEs, while 

typically computed in the literature for gas phase species, were computed with the SMD continuum 

solvation model for a direct chemical comparison. In these cases, the (aq.) descriptor will 

symbolize electron affinities computed with the SMD model. Previously, the energies and the 

spatial extent of the unoccupied molecular orbitals in the parent compounds provided early 

mechanistic conclusions concerning PFAS reduction22 and were used to develop linear free energy 

relationships (LFERs).11 We found the distribution and energetics of first occupied and next three 

unoccupied MOs to be method dependent for all three sub-classes of PFASs; therefore, we felt it 

necessary to move beyond this qualitative marker (see Appendix A).  
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Spin density isosurfaces, which provide the spatial distribution of the additional e−, showed that 

inner-chain 𝜎𝐶−𝐹
∗  orbitals are the most susceptible to reduction in n-PFAs (Table A5, Figure A19). 

From an energetic standpoint, the VAE(aq)s in PFxAs did not significantly change with increasing 

chain length in contrast to the PFxSs and n-PFAs (Figure 3.2). The M06-2X-based results (Figure 

A20) complimented these trends but the B3LYP-based results showed that all three sub-classes 

have roughly similar VAE(aq) behavior (Figure A21). The spin-density iso-surfaces and the 

electrostatic potential maps revealed that PFOS and perfluorooctane stabilize the e− along the 

perfluoroalkyl chain, juxtaposed to PFOA, in which the e− appeared delocalized across both π𝐶=𝑂
∗  

and 𝜎𝐶−𝐹
∗  orbitals.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.2. Aqueous vertical attachment energies of n-PFAs, n-PFxSs and n-PFxAs at the ωB97-
XD(SMD)/6-311+G(2d,2p) level. Inset: Electrostatic potential overlaid on the total electron 
density (isoval=0.001) and the alpha-spin density isosurfaces (isoval=0.001) for PFOA2-•, PFOS2-

• and C8F18
1-•. 

 
 Subsequently, we computed the relaxed structures for the n-PFAs (C3-C8), n-PFxAs (C4-

C8) and n-PFxSs (C3-C8). The gas phase results for the n-PFAs, our control case, showed the e− 

inserts into 𝜎𝐶−𝐹
∗  orbitals and formed stable intermediates with an elongated C—F bonds (Figure 

A19 and Tables A6-A8).12 Comparing the three methods in lieu of the available literature (see 

3 4 5 6 7 8
-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4  n-PFA  n-PFxS  n-PFxA

V
A

E (
aq

) (
eV

)

# of Fluorinated Carbons

C8F18

PFOS

PFOA



 

78 
 

Appendix A), the ωB97-XD-based computations provided the most accurate representation of the 

AEAs and VAEs for the n-PFAs and were used to locate the relaxed structures of the PFxA/Ss, 

except in Method 1 below.  The DFT functional chosen had notable consequences on the energies 

and geometries obtained (Figure A22).  

 The electron adducts for the PFxSs and PFxAs were computed using two methods: (1) by 

following the path of the instantaneous attachment from the parent geometry to a minimum and 

(2) by systematically extending each unique C—F bond of each substrate. Using the latter method, 

e− attachment to the α-carbon position was generally the most favorable for the PFxAs; however, 

in larger PFxAs, attack in the perfluoroalkyl chain became more thermodynamically favorable 

(Tables A9-A16). We only observed this behavior for the PFxAs (Figure 3.3) and again noticed 

significant entropic effects when the PFxAs α-adducts were treated as infinitely separated (Tables 

A17-A18). Entropic effects on the trends in Figure 3.3 were notable although the conclusions 

remained the same (Figures A23-A24). The results obtained through the first method were 

dependent on the functional form (Figures A25-A27) and is likely related to the small differences 

we observed in the distribution of the unoccupied orbitals in the parent compounds (see Appendix 

A). For example, for PFOA, ωB97-XD predicted non-dissociative e− attachment at the α-carbon, 

B3LYP predicted non-dissociative e− attachment across the chain and M06-2X predicted C—F 

dissociation at the C5 position. Although, the 1st method provided meaningful insights into the 

structural motifs possible after e− attachment, the second methodology, whose results are presented 

in Figure 3.3, allowed for a more consistent evaluation of e− attachment to PFAAs. Despite 

theory’s lack of definitive predictions, the experimental conclusions regarding the chain length of 

a PFxA and their rate of reduction also remain unclear, e.g. no dependence was noted in UV-Iodide 

based photoreduction24 but was in UV-Fe(CN)6 based laser flash photolysis work.30 Regardless, 

Figure 3.3b, Figures A23b and A24b illustrate that a relationship exists between the observed 

rate constants in the former work and AEA(aq.)s of PFxSs and PFxAs with the same chain length.24 

The larger deviation observed for PFOS could be contributed with the larger errors associated with 

measuring [PFOS], and/or that PFOS is also composed of more easily reducible branched isomers 

which contributed to larger observed rate constants.24 
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Figure 3.3 a) Comparison of AEA(aq.)s of α and the (next) most favorable attachment positions for 
PFxAs (black) and PFxSs (red). b) The relationship between experimental kapp values24 (UV-
Iodide) and theoretical AEAs for PFxAs and PFxSs. and All values are ZPE corrected electronic 
energies obtained at ωB97-XD(SMD)/6-311+G(2d,2p).  

 

3.4.3. Predicting the Redox Behavior of n-PFAAs and Beyond 

 The preceding analysis allowed for a systematic approach to elucidate e−  attachment to 

linear PFAS, however, these parameters are not easily obtained and rationalized through routine 

experimentation. To provide more meaningful predictions, we devised a cogent, step-wise method 

to predict the 𝐸𝑠
° of PFASs (Scheme 3.2). Using 4-(perfluorobutyl)-benzonitrile as an example 

substrate, the ωB97-XD(SMD)/6-311+G(2d,2p) method predicted an 𝐸𝑠
°  within 0.1V of the 

experimental result.27 Although not error-proof, we found that proper agreement between theory 

and experiment was reached when F− and the radical intermediate were treated as infinitely 

separated species. Therefore, all preceding computations were subject to this constraint. Although 

not an original focus of this work, Scheme 3.2 can also predict the oxidation potential of various 

PFAAs using 𝐸𝑠,𝑐𝑜𝑚.
°  instead of a 𝐸𝑠,𝑠𝑒𝑝.

°  in an analogous technique presented recently by Baggioli 

et al.31 For example, the reduction of PFOA• (𝐸𝑠
° = 2.54V, comp. and exp.32) and PFOS• (𝐸𝑠

° =
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3.19V comp. , 3.20 exp.33) can be accurately reproduced. Baggioli et al. suggested B3LYP(PCM) 

or TPSSh(SMD) are more suitable alternatives, and although they predict lower 𝐸𝑠
° for PFOA• 

(~2.2 V), it is in qualitative agreement with cyclic voltammetry experiments of PFOA in 

acetonitrile.31,34 Accordingly, Scheme 3.2 in conjunction with the ωB97-XD-based method was 

utilized to compute both the reduction and oxidation potentials for a diverse set PFAA substrates, 

including multifunctional and branched species (Figure 3.4). 

 

  

 

 

 
Scheme 3.2. Computing 𝐸𝑠

° of PFASs; example shown for 4-(perfluorobutyl)-benzonitrile (left). 
Computed standard reduction potential (𝐸𝑠

°) vs. SHE (right) shown for *Method(SMD=DMF)/6-
311+G(2d,2p). 1SHE = 4.44V aCombellas et al.27 f+ is the Fukui-plus function.  

 

 Figure 3.4 shows PFAA oxidation is dependent on the head group and independent of the 

perfluoroalkyl chain length, with e− loss typically occurring at/near the acidic moiety. Conversely, 

reduction is far more structure dependent; electrons preferentially target the lowest lying 𝜎𝐶−𝐹
∗  

orbitals, typically tertiary carbon centers, and then π𝐶=𝑂
∗  orbitals, if present.12 The substrates shown 

in Figure 3.4 reflect our recent work on cobalt-mediated reductive defluorination,35 and show that 

the presence of tertiary C—F bonds does not guarantee outer-sphere reactivity, with C and D being 

notable exceptions. As the 𝐸𝑠
° of Co(II)/Co(I) in corrin derivatives are typically measured between 

-0.96 and -1.36V (vs. NHE),36,37 our method illustrates the substrates amenable to Co(I)-reduction. 

Although 𝐸𝑠
° appears to be estimated correctly on a substrate level, outer sphere e− transfers are 

considered less favorable compared to inner sphere nucleophilic attack in Co-corrin mediated 

reduction of chlorinated organics.38,39 The kinetic factors of electron transfer and a complete 

description of the possible inner sphere mechanisms with various reducing agents cannot be 

ignored in future studies.   

 

 

*Method 𝐸𝑠
°1 

B3LYP -1.22 

ωB97-XD -1.54 

M06-2X -1.93 

Exp.a -1.48 

1-Substrate optimization at 
*Method(SMD)/6-311+G(2d,2p) 

2-Compute VAE and f+ atom indices 
with NBO populations of 1 

3-Select most probable C—F bond 
cleavage based on 2. Remove F, 
optimize radical and F

- 
as in 1 

4-Compute: 𝐸𝑠
° = ∆𝐺

𝑛𝐹
− 𝑆𝐻𝐸 

∆G = GA − (GA• + GF−) 
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Figure 3.4. Calculated 𝐸𝑠
° (in V) for various PFAS substrates. The blue atoms represent the 

proposed site of chemical reduction, while red represents chemical oxidation via Scheme 2. 
Literature values (italics) are from and aCarter and Farrell33 bGuan et al.32 Structures with red ‘X’ 
were resistant to Co(I)corrin defluorination as described in Liu et al.35 

3.5 Conclusions 

The reductive defluorination of PFAAs depends the most on the polar head group and the 

perfluoroalkyl chain length, albeit structural characteristics such as branching also play important 

roles in in the reduction mechanism. Our computational protocol suitably predicts the reactivity of 

PFAAs with electrons, begins to unravel their redox behavior, and will hopefully help to identify 

intermediates of reductive degradation. Despite the variety of reactions possible which describe 

electron attachment to linear PFAS, its reactivity remains mostly dictated by 𝜎𝐶−𝐹
∗  orbitals and 

often results in C—F scission.  

3.6 Supporting Information 

 Supporting information is provided as described and can be found in Appendix A. 

Geometries and bottom-of-the-well HF energies are provided for the parent structures and their 

electron adducts to all positions for linear C8F18, PFOA, and PFOS. HOMO, LUMO, LUMO+1 

and LUMO+2 orbital distributions (and their energies) provided for the parent molecules at each 

level of theory in the form of image files.  
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CHAPTER 4 

1,2-FLUORINE RADICAL REARRANGEMENTS: ISOMERIZATION EVENTS IN 

PERFLUORINATED RADICALS 

 

Modified from a manuscript published in The Journal of Physical Chemistry A 

D. J. Van Hoomissen and S. Vyas The Journal of Physical Chemistry A. 2017. 121 (45): 8675-

8687 DOI: 10.1021/acs.jpca.7b08895 

4.1  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 PFASs 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 

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 is stabilized by vicinal -bonds. Natural bond orbital analyses showed that 

fluorine moves as a radical in a non-charge-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.  
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4.2  Introduction 

  Perfluoroalkyl substances (PFASs) belong to an important class of anthropogenic 

chemicals which have been deemed contaminants of emerging concern due to their persistence 

and extreme resistivity to degradation.1 Their persistence has led to their ubiquitous detection in 

aquatic environments,2 and low concentrations detectable in drinking water has warranted 

increased study due to potential human exposure. Thusly, the regulation of some of two widely 

utilized PFASs, including perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS), 

has become commonplace by regulatory agencies in both Europe and the United States.3 However, 

the 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),4 which contributes to the unique physiochemical properties of these 

compounds including unique sorption behavior,5 vapour pressure, hydrophobicity, lipophobicity, 

helical carbon backbones,6 and strong inductive effects on the pKa of acidic or basic head groups.4, 

7 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.2 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.2, 8-12 In most oxidation experiments involving 

PFAS samples, PFOA and its shorter chained analogs are commonly isolated as products. 

Consequently, many unregulated PFASs could have indirect impacts by producing more 

recalcitrant products during chemical transformations such as PFOA.12, 13 Chemical 

transformations 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.11 

Currently, advanced oxidation techniques including UV-photolysis,14-18 surface and or metal-
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mediated photocatalysis,19-23 sonolysis,24-28 electrochemical decomposition,29-33 and persulfate 

oxidation13, 34-38 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 compounds in a variety of matrices is liquid chromatography coupled 

with mass spectrometry (LC/MS),39-42 with electron spray ionization (ESI) in negative ion mode.39 

In these environments PFOA and its longer and shorter chained analogs are hypothesized to 

undergo 1,2-fluoride rearrangements after the suggested loss of CO2, with these isomerizations 

being kinetically more favored that primary, secondary and tertiary β-scission processes.43 In fact, 

a number of mass spectrometry studies have been dedicated to 1,2-F rearrangements for a variety 

of fluorinated and perfluorinated compounds and have noted its importance in obtaining accurate 

results.44-46 A combined Si-C/graphene reductive degradation approach showed both 

perfluorinated carbon radical and anion alkyl chains are produced via quanfirmation exactive 

orbitrap mass spectrometry47; previous LC/MS/MS work (vide supra) indicate these species could 

undergo fluoride rearrangments. 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.34, 35, 38  

  1,2 radical rearrangements involving hydrogen atoms,48-51 and to a lesser extent with 

halogens such as chlorine,52 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 high temperature-high pressure environments.53 The kinetic 

barriers of these rearrangements can exceed 60 kcal/mol in various conditions, for example, 1,2 

H-atom shifts in aryl radicals.54 These reactions play an important role in hydrocarbon combustion 
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and are important mechanistically because they affect the rate and product distribution of the 

combusted products.55 

  Conversely, in the early 1970’s, 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.56 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.57-60 For example, 1,2-fluorine shifts were 

observed in the condensed phase via NMR for the tertiary fluorine adjacent to a tertiary 

perfluorocarbanion.61 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).56, 58, 62 An 

early theoretical study by Fossey and Nedelec found the activation barriers for 1,2-F and 1,2-H 

shifts to be 107 kcal/mol and 88 kcal/mol respectively, indicating these processes would not readily 

occur.63 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.64 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.65, 66 The controversy and elusiveness 

of the 1,2-F atom shift, coupled with urgency to understand the molecular mechanisms of PFASs 

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 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.  
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In this paper, we utilized electronic structure calculations to examine the 1,2-F-atom shift with 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.  

4.3  Computational Methods  

  All the calculations were performed using Gaussian09 suite of programs67. 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.68-

71 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 were identified 

by the presence of one imaginary frequency. 1,2-F atom shifts from the transition state structures 

were followed to the product and reactant local minima via Intrinsic Reaction Coordinate (IRC) 

calculations.72, 73 For consistency and to obtain relatively accurate geometries and energies, the 

triple zeta, CBSB7 (6-311G(2d,d,p)) basis set were used for all geometry optimizations, single 

point calculations, and frequency calculations. Split valence basis sets were shown to comprise the 

best compromise between accuracy and computational efficiency for fluorine atom NMR chemical 
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shifts using the GIAO method and the B3LYP functional.6 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 the selection of semi-

empirical method had a large impact on the rearrangement kinetics.66 We posit the same 

dependence is possible using a suite of DFT functionals, however, we have not investigated 

functional dependence in this work. Lastly, 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.74  

  Using the potential energy surface and geometries from IRC calculations obtained at each 

transition state, single point calculations using the natural bond orbital (NBO 3.1, Gaussian 09(d)) 

method75, 76 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 alpha and beta spin densities for the atoms of interest. 

4.4  Results and discussion 

4.4.1 1,2-F atom Rearrangements in Perfluoroalkyl Radical Systems  

  1,2-F-atom rearrangements were studied in a series of perfluoroalkyl radical systems 

(Scheme 4.1). The nature of the carbon radical center on the chain (primary (1o) vs. secondary (2o) 

vs. tertiary (3o)) 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: 1o to 2o
, 

1o to 3o, 2o to 2o, and 2o to 3o 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 1o to 2o shifts as well as 2o to 2o shifts in C8 compounds (vide infra).  
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Scheme 4.1. 1,2-F atom rearrangements in perfluoropropyl (1A), perfluorobutyl (1B, 2B), and 
perfluoropentyl (1C-5C) radical systems. Bonds highlighted in red indicate the C−C bond over 
which the F-atom migrates.  
 

  For all of the cases considered, 1,2-F atom rearrangements in perfluoroalkyl radicals were 

found to proceed via a three-membered ring transition state, as shown representatively for the 

perfluoropropyl radical in Figure 1. In the transition state, 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.63 During the F-

atom shift, the C−C bond length shrinks from a typical C−C single bond (1.54 Å) to 1.37 Å 

indicating 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 4.1). 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 
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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 into the 

thermodynamic favorability of the 1,2-F shift in radical perfluoropropane. 

 

 
Figure 4.1. 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 B3LYP(IEF-PCM)/CBSB7 
level of theory.  
  

  Table 4.1 shows that 1,2-F atom shifts between the various carbons centers as shown in 

Scheme 4.1 are exothermic, with negligible differences observed between gas and implicit solvent 

calculations for 1C through 5C rearrangements. It is worth noting the computed change in enthalpy 

(ΔH⁰) and Gibbs free energy (ΔG⁰) values were generally within 1 kcal/mol, indicating entropic 

effects were minimal in these systems. The degree of thermodynamic favorability was directly 

related the change in the nature of carbon center bearing the radical site during the reaction; 1o to 

2o
 is less favored than 1o to 3o, and 2o to 3o are similar in magnitude to 1o to 2o, and rearrangements 

without a change in the degree of carbon center (2o to 2o) are the least favored of the reactions in 

Table 4.1. The 2o to 2o rearrangements are nearly thermoneutral reactions and show a predicable 

reversibility in forward and reverse activation energy barriers.  
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Table 4.1. Thermodynamic parameters, enthalpy (ΔH) and Gibbs free energy (ΔG) as calculated 
at B3LYP(IEF-PCM)/CBSB7 level of theory for 1,2-F atom rearrangements shown in Scheme 1. 
The forward activation barriers are represented by ‡ while the reverse activation barriers are 
denoted by †. Forward thermodynamic reaction energies are represented by superscript ⁰. Gas 
phase results given in parenthesis for reactions 1C through 5C for comparison purposes calculated 
at the B3LYP/CBSB7 level of theory. Values are in kcal/mol  
 

 ΔH‡ ΔG‡ ΔH† ΔG† ΔH⁰ ΔG⁰ 
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) 

 

  The kinetic parameters follow the same trends as the thermodynamic favorability, with 

gas phase barrier energies typically 2-3 kcal/mol greater compared to 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 perfluoropentyl 

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 involve radical positions which 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 1o to 3o carbon radical shift (2B, Table 4.1). It is interesting to note that the 

largest barrier was for the F-atom shift from a 2o center to another 2o radical center (2C, Table 

4.1). The only difference between the two 2o radical centers is the position of carbon in the 

perfluoroalkyl chain. It is also important to observe that 1o to 2o (1C) and 2o to 3o radical transfers 
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(5C) had similar activation barriers (28.9 vs. 29.0 kcal/mol) due to the role of steric hindrance in 

the latter case.  

  Based on these results, we could predict that mutli-halogenated 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 multi-halogen 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,77-79 Cl-Br,80 and halogen-monovalent small molecule rearrangements81 are shown to be 

important in the transfromation of these refrigerants, e.g. involing HF or HCl elimination after 1,2 

isomerization processes.80,82,83 Although F-atom rearrangments are likely processes in atmospheric 

conditons, 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 4.1 lends 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.10 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.43 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 

80oC, so the probability of 1,2-F atom rearrangements occuring is higher under these conditions, 
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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 analogs, as the trend of stabilities of perfluoro carbanions was observed to be 

3°>2°>1° for linear and branched PFOA in LC/MS/MS.43 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 analogs.84, 85 Our results as shown in Table 4.1 

indicate that the radical produced at a less branched carbon has more kinetic drive to undergo 

rearrangment 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 helical nature of perfluoro-n-

alkanes.86 Based on our results from Table 4.1 and the literature, we anticipate a direct relationship 

between the stabilization through hyperoconjugation 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,87 hydrolysis,17 and radical-radical 

terminations with other radical oxidants such as hydroxyl radicals.34 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.   
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  To explore the impact of chain length on 1,2-F atom shifts, we investigated the 1o to 2o F-

atom shifts in C3-C8 systems. Furthermore, 2o to 2o 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 4.2. 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 4 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 (1o, 2o etc.) in the reactant and 

transition state have the greatest effect on the activation energy barrier for the reaction. The values 

computed in Table 4.2 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 2o-2o 1,2-F atom shifts in a C8 perfluoroalkyl chain where the shift initiates from 

the second, the third, and from 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, 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 2o to 2o 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.  
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Table 4.2. Thermodynamic parameters, enthalpy (ΔH) and Gibbs free energy (ΔG), for 1,2-F atom 
rearrangements for 1o to 2o radicals with varying chain length perfluoroalkane radical linear 
isomers. The forward activation barriers are represented by ‡ while the reverse activation barriers 
bear †. Forward thermodynamic reaction energies are represented by superscript ⁰. 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.  
 

Chain Length (Cn) ΔH‡ ΔG‡ ΔH† ΔG† ΔH⁰ ΔG⁰ 
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 

 

  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. 

4.4.2 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 
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subjected to a systematic study. Scheme 4.2 was formulated to investigate the impact of 

conjugation on 1,2-F atom shifts by using two model systems, allyl and benzyl systems. 

 
Scheme 4.2. Radical 1,2-F atom rearrangements in systems containing allyl (D) and vinyl (E) 
functional groups. Bonds highlighted in red indicate the bond over which the F-atom migrates. R1, 
R2, and R3 substituents were modeled as CF3 and F respectably.  

 

  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 

rearrangements to the same degree as seen with σ-conjugation in the previous section. To reiterate, 

1,2-F migrations atoms have been proposed in the isomerization of aromatics such as in 

perfluorocyclohexadienyl radicals.56 Furthermore, a few experimental gas phase studies of 

perfluoroalkenes have proposed a 1,2-F atom rearrangment 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 rearrangments 

would be kinetically favorable processes under gas phase conditions.88 Secondly, 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.89 In traditional non-perfluorinated 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 moieties. Therefore, the stabilization 
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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 the substitutions at the radical carbon (σ-hyperconjugation) has a more 

dominant effect in these systems, which are shown in Scheme 4.2. 

 
Table 4.3. Thermodynamic parameters, enthalpy (ΔH) and Gibbs free energy (ΔG), for 1,2-F atom 
rearrangements for radicals in perfluorinated conjugated systems. The forward activation barriers 
are represented by ‡ while the reverse activation barriers bear †. Forward thermodynamic reaction 
energies are represented by superscript ⁰. 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.  

 Substituent  
 R1 R2 R3 ΔH‡ ΔG‡ ΔH† ΔG† ΔH⁰ ΔG⁰ 
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 

   

  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 1o to 

2o
 shifts (2D and 2E, Table 4.3) is approximately 7 kcal/mol less when compared to the analogous 

non-conjugated perfluoropropane case in Table 4.1. The decrease in barrier energies is also 

mirrored by an increase in reaction exothermicity, where the thermodynamic favorability increases 
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by ~8 kcal/mol for benzyl substituted molecules and ~12 kcal/mol for allyl substituents relative to 

the perfluoropropane case (Scheme 4.1 and Table 4.1). The increased favorability is not a 

commonality among all systems in Table 4.3. 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 4.2 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 is 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.90 

  Table 4.3 provides an interesting contrast to the alkyl radical without any -conjugation 

cases provided in Table 4.1. For example, rearrangement in 4D shows a similar forward activation 

energy barrier to that of primary to secondary shift encountered in cases of 1A and 1C, which 

suggests that stabilization through -conjugation only provides a minimal amount of stabilization 

in group D systems while the benefit of hyperconjugation by increasing 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 kinetic barriers are similar to 1o to 2o shifts in perfluoroalkyl systems from Table 4.1. 

However, if 2o to 2o 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 rearrangements, even if highly branched substituents like 4E and 4D show that the 
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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 agrees with our previous results (vide supra).   

4.4.3 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, which was shown experimentally91 and theoretically92 that water molecules play 

a significant role in lowering the activation barriers for the 1,2-H shift from an oxygen centered 

radical to carbon centered radical. Thus, the possible role of solvent or foreign molecules in 1,2-F 

atom rearrangements 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, 

HF and F− are produced as the chain is truncated by CF2 units through an unzipping mechanism,93 

or through HF elimination from various PFAS intermediates.34, 38 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 4.2. 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, 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.  
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Figure 4.2. (a) Transition state conformations for 1,2-F atom rearrangement (a) in perfluoropropyl 
system using HF assistance, (b) in perfluoropropyl system using assistance by 2 molecules of HF, 
(c) in perfluoropropyl system using HF and H2O assistance, (d) in perfluoroethylbenzyl system 
using HF assistance and, (e) in perfluorobutenyl system using HF assistance. All calculations were 
performed using B3LYP(IEF-PCM)/CBSB7 level of theory.  

   

  The bond lengths for the transition state structures in Figure 4.2a,b,c are shown in Figure 

4.3. In general, the bond lengths for non-migrating 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 4.3, see page 105). 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 non-complexed 

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 1st 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 degrees from normal (Figure 4.3). The 

same tilt in assisting molecules is also observed for H20/HF catalyzed rearrangements. All 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.  

(a) (b) (c) (e) (d) 
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Figure 4.3. Transition state conformations and representative bond lengths for 1,2-F atom 
rearrangement (a) in perfluoropropyl system using HF assistance, (b) in perfluoropropyl system 
using assistance by 2 molecules of HF, (c) in perfluoropropyl system using HF and H2O assistance, 
(2a) same as in (a) but side view, (2b) same as in (b) but side view, and (2c) same as in (c) but side 
view. All conformations optimized at the B3LYP(IEF-PCM)/CBSB7 level of theory 
 

  Thermodynamic and kinetic parameters for 1,2-F atom shifts assisted by small molecules 

are summarized in Table 4.4. 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 
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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.  

 

Table 4.4. 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 assistance. The 
forward activation barriers are represented by ‡ superscript while the reverse activation barriers 
bear †. Forward thermodynamic reaction energies are represented by superscript ⁰. Values are in 
kcal/mol as calculated at the B3LYP(IEF-PCM)/CBSB7 level of theory.   

System ΔH‡ ΔG‡ ΔH† ΔG† ΔH⁰ ΔG⁰ 
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 

 

  Although not shown in Table 4.4, modeled rearrangements involving two HF molecules 

were attempted in allylic and benzylic systems; however, an identical transition state to the alkyl 

case was not located in these cases due to the assumed repulsion of HF molecules by the π-cloud. 
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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 -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 unassisted case (Table 4.3), respectably.  

 

Table 4.5. Thermodynamic parameters, enthalpy (ΔH) and Gibbs free energy (ΔG), for HF and 
2HF assisted 1,2-F atom rearrangements for 1o to 2o radicals with varying chain length 
perfluoroalkane radical linear isomers. *Indicates the radical carbon on which the rearrangement 
begins. The forward activation barriers are represented by ‡ superscript while the reverse 
activation barriers bear †. Forward thermodynamic reaction energies are represented by superscript 
⁰. Values are in kcal/mol as calculated at the B3LYP(IEF-PCM)/CBSB7 level of theory. 
 

Chain Length ΔH‡ ΔG‡ ΔH† ΔG† ΔH⁰ ΔG⁰ 
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 
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  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 4.5 reasserts previous conclusion that 1,2-F 

rearrangements are mostly affected by the local bonding environment as both the transition state 

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 transition state have the greatest effect on the activation energy barriers and 

favorability of the rearrangement. Similiar 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 Waal 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, the thermodynamic favorability of 

fluorine migration when one or two HF molecule assists the transfer 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 chain length increases 

past C4, the difference between one and two HF assisted case remains unchanged (Table 4.5 and 

Table 4.2). 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 

4.5, 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 
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is not true for the reverse reaction which involves the movement from a secondary radical to a 

primary radical. 

4.4.4  The 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 F− ion, a 

possibility which 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 fluoroepoxides94, 95 and in complicated sequences involving multiple 

steps for fluorine atoms on aromatic rings.59 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 4.4, for various geometries through rearrangement. 

  Figure 4.4a shows the rearranging fluorine atom in perfluoropropyl system gains a 

noticeable amount of charge as it proceeds through the TS to the product conformation. In the 

rearranged product, the electrostatic potential of the bound fluorines are equal by a qualitative 

visual inspection. Qualitatively, the isosurface maps of the electrostatic potential suggest that the 

fluorine atom gains a noticeable amount of negative charge as it proceeds through the transition 

state. In the case of one and two HF assisted F-atom transfers, the electrostatic density in Figures 

3b and 3c respectively suggests that the charge localization is similar in the transition state 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 is observed in the reactant and in the product. As shown previously in Figure 4.1, the 

fluorine is the most dissociated from the rest of the molecule in the transition state, with bond 
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lengths exceeding 2Å, so it is expected that the 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 4.4. The insignificant increase in the fluorine atomic charge density in the 

transition state 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.  

 
Figure 4.4. Electrostatic potential mapped onto the total electron density (isoval=0.002) and the 
reactant, transition state, and product conformations and the corresponding (alpha-beta) spin 
density distributions (isoval=0.004) for (a) 1,2-F rearrangement, (b) HF assisted 1,2-F 
rearrangement and (c) 2 HF assisted 1,2-F rearrangement in radical perfluoropropane. The 
qualitative scale for the charge distribution is shown above. All calculations were performed at 
B3LYP(IEF-PCM)/CBSB7 level of theory. 
 

  From the perspective of spin, Figure 4a shows that the majority of excess alpha spin 

resides on the first carbon in the reactant, and on the second carbon in the product, which is not an 
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unexpected result and confirms that a radical migration takes place. In the transition state, the spin 

density in Figure 4.3a is shared equally among the three atoms involved in the 1,2-F rearrangement, 

indicating the fluorine also possesses some radical character as it migrates across the C−C bond. 

The distribution of the excess alpha spin is not as stark in the transition states 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,96 we performed NBO analysis on similar systems to explore 

this effect further as shown in Figure 4.5 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 4.5). 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 transition state and 

downhill towards the product. This is somewhat contrary to the qualitative results provided in 

Figure 4.3, which appeared to have more partial charge localized on the fluorine in the transition 

state. 

 



110 

 

 
Figure 4.5. Partial atomic spin densities and total spin for points along the IRC as calculated at 
B3LYP(IEF-PCM)/CBSB7 level of theory in (a) 1,2-F rearrangement, (b) HF assisted 
rearrangement, (c) 2 HF assisted rearrangement in perfluorobutane. Values in (a) shown for 
visualization purposes. The red points represent NBO calculation on the optimized product and 
reactant complexes. 

 

  In the case of the unassisted rearrangement, the reactant complex shows 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 alpha spin is localized on the 
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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 transition state, the total excess α spin density on the fluorine is approximately 0.4 a.u., 

while the primary and secondary carbons carry approximately 0.3 a.u. 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 4.5a is 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 

transition state 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 4.5b and 4.5c) also show the charge between the two carbons in 

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 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) were unchanged 

throughout the rearrangement process in both HF assisted cases, indicating covalent binding 

between the fluorines and hydrogens. The charge profile of both HF assisted shift (Figures 4.5b 

and 4.5c) shows that the moving fluorine atoms have the same charge as the unassisted case. The 

3-membered ring structure in the HF catalyzed transition state becomes a 5-membered ring 
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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 non-associated fluorine atoms.  

4.5  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 substituents (CF3 groups) can stabilize the product 

radical relative to the reactant radical. This observation is attributed to the hyperconjugation 

interactions provided through the substituents, or in other words, 1,2-F atom shifts are 

thermodynamically favorable if the radical center in the product is more substituted than the radical 

center in the reactant.  

  The 1,2-F atom rearrangement 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 4 carbons situated in a linear chain. Since 2 to 2 1,2-F atom 

rearrangements are thermoneutral, F atom shifts in linear perfluoroalkanes is 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 
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favored and had less activation energies, with allylic functionalities having slightly more favorable 

enthalpies of reaction and lower barrier energies, indicating 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 rearrangements compared to the benzyl analogs.  

 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 leads to conclude that solvent or mineralization products may facilitate the 1,2-F atom 

rearrangement 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 rearrangements.  

   Partial atomic charges and spin density analyses suggest that unassisted and small 

molecule assisted 1,2-F atom rearrangements occur via a fluorine radical intermediate. NBO 

results show the partial atomic charge on the migrating fluorine does not change significantly 

throughout the rearrangement process, even in the case of small molecule catalyzed 

rearrangements, 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 these reactions plays 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 
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and quantification of these compounds. Therefore, these isomerization events should be considered 

in most degradation PFASs processes, especially those which utilize high energy/high temperature 

techniques involving UV/VUV photons, sonolysis, and pyrolysis.  
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CHAPTER 5 

IMPACT OF CONJUGATION AND HYPERCONJUGATION ON THE RADICAL 

STABILITY OF ALLYLIC AND BENZYLIC SYSTEMS: 

 A THEORETICAL STUDY 

 

Modified from a manuscript published in The Journal of Organic Chemistry 

D. J. Van Hoomissen1 and S. Vyas. 2 J. Org. Chem. 2017 82. 5731-5742 

doi.org/10.1021/acs.joc.7b00549 

5.1 Abstract  

Resonantly stabilized radicals are some of the most investigated chemical species due to 

their preferential formation in a wide variety of chemical environments. Density functional theory 

and post-Hartree-Fock calculations were utilized to elucidate the chemical interactions which 

contribute to the stability of two ubiquitous, resonantly stabilized radicals, allyl and benzyl 

radicals. The relative stability of these radical species was quantified through bond dissociation 

energies and relative rotational energy barriers, with a difference of only 0.1 kcal/mol. To clarify 

and contextualize the energetic results, natural bond orbitals were used to evaluate the atomic spin 

density distribution in the given molecules. The benzyl radical was found to be ~3 kcal/mol less 

stable than the allyl radical, which was attributed to the inability to efficiently delocalize the spin 

on a phenyl unit, starkly contrary to general chemistry knowledge. Increasing the degree of π-

conjugation and hyperconjugation was shown to benefit allyl radicals to a greater degree than 

benzyl radicals, again due to more efficient radical delocalization in allyl radicals. This work 

highlights that more resonance structures do not always lead to a more stabilized radical species 

and provides fundamental knowledge about how conjugation and hyperconjugation impact the 

stabilization of nonbonding electrons in these systems.  

5.2 Introduction  

Resonantly stabilized free radicals such as allyl and benzyl radicals, are ubiquitous in many 

chemical environments and have been detected or implicated as key intermediates in flames,1, 2 

                                                 
1 Primary author and researcher 
2 Corresponding author. Contact: svyas@mines.edu, Tel: 303-273-3632 
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plasmas,3, 4 and in interstellar space.5-9 These transient species are known to participate in a wide 

variety of chemical reactions including polymerizations,10-15 combustions,2,16-21 organic 

syntheses,19, 22 and in biological and environmental processes.23 For example, benzyl radicals and 

their derivatives have shown to be essential intermediates in the oxidation of toluene17 and 

methylbenzenes,18, 21, 24 and are implicated in the formation of polycyclic aromatic hydrocarbons 

(PAHs) in combustion reactions and in the atmospheric processes of earth and other planets.8, 25-27 

Likewise, allylic radicals play specific roles in organic chemistry, including halogenation 

chemistry,28-33 addition chemistry to fullerene structures,34, 35 and in polymerizations involving 

multi-allyl monomers.14, 36 Furthermore, allyl and benzyl radicals have allowed a simple 

framework to comprehend the underlying physical organic concepts governing the stability and 

reactivity of these compounds, especially concerning the concept of resonance and aromaticity. 

 Conventional models of resonance have been used to explain a wide variety of topics in 

organic chemistry, from the investigation of amide rotational barriers37,38 to the reactivity of 

carbonyl compounds.37,39,40 Hückel molecular orbital (HMO) theory provided the earliest 

conceptual framework to understand the resonance in many systems, including the allyl and benzyl 

radical. The HMO predicts Hückel energy differences of 0.83β and 0.72β for allyl and benzyl 

radical, indicating the allyl radical is slightly more stable than the benzyl radical. Delocalization 

or resonance energies have been used to evaluate the stability of these radicals and are typically 

quantified through the calculation of CH2 rotational barriers,41-46 referred to as the resonance 

stabilization energy (RSE), or through the utilization of isodesmic reactions and calculation of 

relative bond dissociation energies (BDE). Most computational methods used to investigate these 

radicals involve the linear combination of atomic orbitals molecular orbital theory (LCAO-MO), 

however the concepts resonance and ‘electron pushing’ are typically conceptualized through 

valence bond (VB) theory.47 The VB theory and its refinements, including the block localized 

wavefunction (BLW) method,48-52 have elucidated the concept of resonance and have been shown 

to effectively characterize hyperconjugation in some radical systems.50, 53 Many proponents of VB 

based resonance studies in -conjugated radicals, ions and similar resonantly stabilized systems 

argue rotational barriers only provide crude approximations. They suggest other factors influence 

chemical stability in the structure, namely, σ-conjugation in the rotated state, geometry relaxation 

effects, and steric effects, which all contribute differently to the overall energetics and are difficult 

to separate from each other within a consistent framework.52 Previous work has shown that steps 
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can be taken in order to eliminate the hyperconjugation effects in the stabilized group through the 

use of particular isodesmic reactions, demonstrating the RSE method can still provide accurate 

insight into the relative stability of these systems.54 

 Recent advances in electronic structure calculations have allowed for the accurate 

determination of RSEs for a variety of allyl and benzyl radical compounds, however; experimental 

gas phases studies are extremely limited due to the symmetry encountered with benzyl radicals. 

The singular notable experimental study based on electron paramagnetic resonance (EPR) 

spectroscopy of the allyl radical rotational barrier in a variety of solvents showed the barrier to be 

15.7±1.0 kcal/mol,55 while another EPR study measured the rotational barrier of a methylated 

benzyl radical cations to be 13.4±1.0 kcal/mol.56, 57 Initial computational work by Hrovat et al. 

verified these experimental results, reporting the RSE for allyl radical was ~2.5 kcal/mol greater 

than that of the benzyl radical, calculated to be 12.5±1.5 kcal/mol.45 Continuing their earlier work, 

Li et al. showed that the exploration of isodesmic reactions and RSE through CH2 rotations can be 

coupled with high-accuracy quantum methods such as G4, reporting RSEs for allyl and benzyl 

radicals to be 13.7 and 11.0 kcal/mol, respectively.54 These studies established that the allyl radical 

is ~2.5 kcal/mol more stable than the benzyl radical, nonetheless, the cause for this observation, 

the specific contributions to the relative stability, and how this stability can be modified remains 

elusive. The opposite result is perpetuated by many traditional organic chemistry textbooks, which 

predict the benzyl radical has equal or greater stability than the allyl radical, mostly reasoned on 

the basis of the number of contributing resonance structures.  

Thus, this study aims to comprehend the relative stability of allyl and benzyl radicals using 

a common precursor (Scheme 5.1) and the impact of increased -conjugation and 

hyperconjugation (Scheme 5.3-5.5, vide infra). Previous work has shown that concepts important 

for allyl and benzyl radical stability, namely resonance, conjugation and hyperconjugation, can be 

investigated through approaches which compute electron occupations and spin densities such as 

natural bond orbitals (NBO)49, 58-60 or the quantum theory of atoms in molecules (QTAIM).61, 62 

These calculations provide relevant knowledge to forward many fields where these resonantly 

stabilized radicals play a crucial role, and build a framework to facilitate a larger discussion of 

these radicals through insights gained by population analyses, which to our knowledge is not 

discussed in the scientific literature at this point.  
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Scheme 5.1. The probe molecule 1 and the resulting radicals 1A, 1B and 1C through the abstraction 
of a hydrogen atom. The letters a and b represent the two bonds in 1C available for molecular 
rotation. 

 

5.3 Computational Methods 

Density functional theory (DFT) and post-Hartree-Fock (post-HF) methods were used to 

optimize and calculate energies for ground state and transition state structures using the Gaussian 

09 (D.01)63 suite of programs. The structures of interest were verified as a minimum energy or 

transition state geometry via frequency calculations. All ground state minima were found to have 

no imaginary frequencies while transition states had one imaginary frequency corresponding to 

the degree of freedom of interest.  

Two split valence Pople basis sets, namely 6-31+G(d,p) and 6-311G(2d,d,p) (CBSB7), 

were used to evaluate basis set dependence, while the integral equation formalism variant of the 

polarizable continuum model (IEF-PCM)64 was used to model the impact of solvation (water, 

methanol, n,n-dimethylformamide, chloroform, carbon tetrachloride, and toluene) in these 

systems. Methods utilized in this study are HF, the popular hybrid density functional, B3LYP,65-

68 a complete basis set method (CBS-QB3)69-71, double hybrid DFT techniques (B2PLYPD3,72, 73 

and B2PLYP74) and coupled-cluster method (CCSD(T)).75, 76 For DFT, double hybrid DFT, and 

post-HF methods, the wavefunction was treated as unrestricted (U) and restricted open-shell (RO) 

to understand the effect of spin contamination on our system. Optimizations with RO 

wavefunctions were followed by a numerical frequency analysis to confirm ground state minima. 
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The population of atomic spin densities were obtained via Mulliken population analysis, QTAIM, 
61, 77-88 and NBO analysis (NBO 3.1, Gaussian09).89  

The relative stability of three possible radicals: an allyl radical (1A), a benzyl radical (1B), 

and a site stabilized by both allyl and benzyl functionalities (1C) originating from compound 1 

(Scheme 5.1) was evaluated using two approaches. The relative stabilization of these three radical 

sites were assessed by comparing the enthalpy of formation, which is similar to an isodesmic 

reaction approach where the expectation is typically the cancellation of errors, as both the reactant 

and product structures have the same number and types of chemical bonds. For example, the 

relative difference between allyl (1A) and benzyl (1B) radicals can be evaluated by the difference 

between the total enthalpies of the structures, e.g. the difference between H1A and H1B to produce 

ΔHAB (=H1A-H1B). This approach is exactly the same if one compares the bond dissociation 

energies of corresponding C–H bonds that produce these radicals. As a result, ΔHAB is referred to 

as the relative bond dissociation energy (ΔBDE) approach. 

It has been suggested that resonance stabilization energy (RSE) afforded through a ΔBDE 

type approach is not an error proof method.48, 49, 90 The relative magnitude of the resonance 

stabilization of allyl radicals, cations and anions as well as the benzyl counterparts have been 

debated widely using this approach.41, 43, 45, 54 Since our study is not intended to compute the 

absolute RSE of the allyl and benzyl radicals, the ΔBDE approach is sufficient to describe the 

relative energetic difference between the two radicals. Furthermore, Hrovat and Borden showed 

that an isodesmic approach was a useful method for computing the relative stability of allyl and 

benzyl radicals.45 It is worth noting that C–H BDE or C–X where X is a heteroatom or organic 

functionality does not need to be considered in this case, only the relative stability of the radical 

site is considered. In many previous studies, polarization effects encountered with C–H bond 

cleavage were found to produced notable errors;91 however, calculations associated with our 

unique probe molecule 1 avoids or negates all bond breakages that could be hindered by unwanted 

effects such as polarization.  
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Scheme 5.2. Rotations of CH2 unit in 1A and 1B. Transition state structures representing the 90 
out of plane, non-conjugated p-orbital are denoted as 1A‡ and 1B‡. 

 

  As shown in Scheme 5.2, the rotation effectively eliminates the π-cloud overlap of the 

methylene carbon, so a comparison of the relative rotational energy barrier (ΔREB) of two radical 

sites allows for the estimation of the relative RSE of various π-conjugated radicals. As investigated 

in previous studies, more stable π-conjugated radical sites are observed to have a larger barrier to 

methylene rotation than less stable radicals. 41, 42, 45 To complement the ΔBDE method, the relative 

difference between the rotational barrier energies (e.g. ΔΔH‡
AB = ΔH‡

1A - ΔH‡
1B) also provide the 

relative stability of the radical sites. The aforementioned approaches are utilized throughout the 

text for all systems discussed, with procedural differences noted when necessary. 

  Entropic effects were ignored and omitted from discussion throughout this manuscript. 

Gibbs free energy barriers (ΔG‡) and relative Gibbs free energies (ΔG) were calculated for all 

positions considered in molecule 1 (Scheme 5.1) to understand how entropy impacts ΔBDE and 

ΔREB. The calculated free energy differences and barriers are provided for the CBS-QB3 and 

B3LYP methods with unrestricted and restricted open shell wavefunctions in Table 5.1. 

 

 



 

128 
 

 

Table 5.1. Rotational Barrier Free Energies (ΔG‡), ΔREB ((-) ΔΔG‡), and ΔBDE (ΔΔG) for 
structures 1A, 1B and 1C calculated at the UB3LYP/6-31+G(d,p) level. Values given in kcal/mol. 
For comparison purposes to the ΔBDE method, the relative rotational barrier (ΔΔG‡) was negated. 
aValues from calculations using ROCBS-QB3 composite method. bValues from calculations using 
UCBS-QB3 composite method.  

Structure(bond)  ΔG‡ ΔREB ((-) ΔΔG‡)  ΔBDE (ΔΔG) 
1A 16.3 1A-1B -3.0 1A-1B 1A-1C 1B-1C 
1B 13.3 1A-1C(a) -4.0 -3.8 10.6 15.4 
1C(a) 12.3 1A-1C(b) -7.8 -3.6a 7.9a 11.5a 
1C(b) 8.5 1B-1C(a) -1.0 -4.4b 6.9b 11.3b 
  1B-1C(b) -4.8    

 

5.4  Results and Discussion 

5.4.1  Method Selection and Basis Set Dependence 

  Table 5.1 shows a comparison of methods for the relative stabilization between 1A, 1B 

and 1C using ΔBDE approach. The B3LYP functional shows an excellent agreement with open-

shell spin restricted post-HF methods like CCSD(T) and composite methods such as CBS-QB3. If 

unrestricted formalism is utilized, the HF based methodologies suffer from significant spin 

contamination. For example, S2 expectation value for UHF calculations was observed to be 1.58 

for 1C instead of 0.75. In fact, Hrovat and Borden indicated such spin contaminated calculations 

would suffice for geometry optimizations while the quantitative energetics would be negatively 

impacted.45 Additionally, Houk et al. and others show that minimal methodological dependence 

was observed for studies involving the rotation barriers of benzyl cation, anion and radical.41, 45, 54 

It is clear from Table 5.2 that unrestricted HF based techniques are not the most suitable methods 

to investigate the relative energetics of the aforementioned systems, and that the hybrid density 

functionals represent a good compromise between low spin contamination and good accuracy. 

Table 5.2 also shows that double hybrid methods such as B2PLYP, which rely on MP2 

extrapolation of hybrid DFT calculations also suffered from spin contamination and predicted 

higher relative stabilization of 1A vs. 1B. On the other hand, B3LYP results at the restricted open-

shell and unrestricted levels had similar relative energetics when compared to CBS-QB3 

methodology, and increasing the basis set to the triple zeta, CBSB7 (6-311G(2d,d,p)) basis set also 

resulted in minimal (0.1 kcal/mol) differences in the relative energetics obtained. Unrestricted 
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calculations utilizing composite methods and perturbation theory were typically 0.7-1.3 kcal/mol 

greater than the corresponding restricted open-shell calculations. As a result, all of the subsequent 

calculations were performed using the B3LYP functional using unrestricted wavefunctions.  

Table 5.2. Comparison of ab initio methods and basis sets for the relative stabilization of radicals 
1A, 1B and 1C. All energy values are enthalpies unless otherwise stated. All values for ΔBDE 
given in kcal/mol. **Indicates the calculation is a single point energy calculation with HF energy 
shown.  

Method/Basis Set 1A 
<S2> 

1B 
<S2> 

1C 
<S2> ΔHAB ΔHAC ΔHBC 

B2PLYP-D3/6-31+G(d,p) 0.83 0.83 0.91 -4.1 8.2 12.3 
B2PLYP/6-31+G(d,p) 0.83 0.83 0.91 -4.7 7.8 12.5 
UB3LYP/6-31+G(d,p) 0.78 0.78 0.79 -2.9 11.1 14.0 
UB3LYP/6-311G(2d,d,p) 0.78 0.78 0.79 -2.8 11.8 14.5 
ROB3LYP/6-31+G(d,p) 0.75 0.75 0.75 -2.6 11.7 14.3 
ROB3LYP/6-311G(d,p) 0.75 0.75 0.75 -2.8 11.8 14.5 
ROHF/6-31+G(d,p) 0.75 0.75 0.75 -0.2 7.2 7.4 
HF/6-31+G(d,p) 1.40 1.40 1.58 0.5 14.5 13.9 
ROCCSD(T)/6-31+G(d,p)//UB3LYP/6-31+G(d,p)** 0.75 0.75 0.75 -3.1 7.5 10.6 
ROCCSD/6-31+G(d,p)//UB3LYP/6-31+G(d,p)** 0.75 0.75 0.75 -2.8 7.4 10.2 
ROCCSD(T)/6-31+G(d')//ROB3LYP/6-311G(2d,d,p)** 0.75 0.75 0.75 -2.8 7.8 10.6 
ROCCSD/6-31+G(d')//ROB3LYP/6-311+G(2d,d,p)** 0.75 0.75 0.75 -2.7 7.4 10.1 
ROCBS-QB3 0.75 0.75 0.75 -2.6 10.1 12.6 
UCCSD(T)/6-31+G(d')//UB3LYP/6-31+G(2d,d,p)** 1.34 0.95 1.54 -4.1 5.8 10.0 
UCCSD/6-31+G(d')//UB3LYP/6-31+G(2d,d,p)** 1.34 0.95 1.54 -3.4 6.4 9.8 
UCBS-QB3 1.34 0.95 1.54 -3.4 9.0 12.4 

 

  Following our selection of the B3LYP functional, calculations were performed to evaluate 

the effect of implicit solvation on our system. As these are fairly non-polar molecules with no net 

charge, the effect of solvation was expected to be minimal. Implicit solvents of varying dielectric 

constant were tested, including n,n-dimethylformamide, toluene, water, chloroform, carbon 

tetrachloride, and methanol. The choice of implicit solvent was shown to have no significant effect 

on the relative energetics between 1A and 1B, with fluctuations of no more than 0.2 kcal/mol. 

Solvent effects were also explored on rotational transition state structures as it has been previously 

noted in the literature that solvation effects can have significant implications in the rotational 

energy barrier for benzyl and allyl cations and anions.41 However, relative transition state barriers 

between solvents were within ~0.1 kcal/mol for our system. (Tables 5.3 and 5.4.) 
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Table 5.3. Solvent Effects on Energetics were evaluated using the IEF-PCM model. The relative 
stabilization of radicals in 1A, 1B and 1C were evaluated with enthalpy and ZPE corrected 
bottom-of-the-well energies using the ΔBDE method. Values in kcal/mol. 
 

Implicit Solvent ΔHAB ΔHAC ΔHBC 
Carbon tetrachloride (CCl4) -2.9 11.1 14.1 
Chloroform (CHCl3) -3.0 11.2 14.1 
Dimethylformamide (DMF) -3.0 11.2 14.2 
Methanol (CH3OH) -3.0 11.2 14.2 
Toluene (PhCH3) -2.8 11.3 14.1 
Water (H2O) -3.0 11.2 14.2 
Gas -2.9 11.1 14.0 

 

 

Table 5.4 Solvent Effects on Energetics were evaluated using the IEF-PCM model. The relative 
stabilization of radicals in 1A and 1B were evaluated with enthalpy and ZPE corrected bottom-
of-the-well energies using the ΔREB method. Values in kcal/mol. 
 

Implicit Solvent ΔH‡
1A ΔH‡

1B ΔΔH‡
1A-1B 

Carbon tetrachloride (CCl4) 16.3 13.3 3.0 
Chloroform (CHCl3) 16.3 13.3 3.0 
Dimethylformamide (DMF) 16.4 13.4 3.0 
Methanol (CH3OH) 16.4 13.4 3.0 
Toluene (PhCH3) 16.1 13.3 2.9 
Water (H2O) 16.4 13.4 3.0 
Gas 16.1 13.2 3.0 

 

  Based on these results, we selected the B3LYP functional with 6-31+G(d,p) basis set 

without any implicit solvation. The diffuse function, although unnecessary for our radical species, 

may provide better comparison with literature results for cationic and anionic systems. 

Calculations with this level of the theory (Table 5.2) showed excellent agreement with spin-

restricted CBS-QB3 and CCSD(T) methods, experimental results,55, 92 previous multi-

configurational calculations by Hrovat and Borden,45 and recently published G4 and W1BD 

calculations (Table 5.5).54  
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Table 5.5. Rotational Barrier Enthalpies for 1A, 1B and 1C and comparison between the ΔBDE 
approach. Site C has two rotational barriers, one for the benzene ring and one for the vinyl 
functionality. Values given in kcal/mol. For comparison purposes to the ΔBDE method, the 
relative rotational barrier (ΔΔH‡) was negated.  

Structure(bond)  Calculation ΔH‡  (-)ΔREB  ΔBDE 
1A UB3LYP/6-31+G(d,p) (this work) 16.1 1A-1B -3.0 -2.9 
Propene radical UB3LYP/6-31+G(d,p) (this work) 16.0  -3.1 -2.8 
 (U)QCISD(T) /6-31G(d,p) 45 15.4  -4.3 -4.0 
 CASSCF/6-31G(d,p) 45 13.6  -1.7 -1.4 
 CASPT2N/6-31G(d,p) 45 16.8  -3.2 -2.8 
 G4 54 13.7  -2.7 -- 
 -Exp.-55 15.7±1.0    
1B UB3LYP/6-31+G(d,p) (this work) 13.2    
Toluene radical UB3LYP/6-31+G(d,p) (this work) 12.9    
 (U)QCISD(T) /6-31G(d,p) 45 11.1    
 CASSCF/6-31G(d,p) 45 11.9    
 CASPT2N/6-31G(d,p) 45 13.6    
 G4 54 11.0    
1C(a) UB3LYP/6-31+G(d,p) (this work) 11.4 1A-1C(a) -4.7  11.1 (1A-1C) 
1C(b) UB3LYP/6-31+G(d,p) (this work) 7.9 1A-1C(b) -8.3 -- 
   1B-1C(a) -1.7 14.0 (1B-1C) 
   1B-1C(b) -5.3 -- 

 

5.4.2  Relative stabilization of allyl and benzyl radicals  

  Calculated relative stabilization of radicals 1A, 1B and 1C using both ΔBDE and ΔREB 

approaches are shown in Table 5.6. The ΔBDE approach suggests that the allyl radical (1A) is 

more stable than the benzyl radical (1B) by 2.9 kcal/mol while the ΔREB method shows a 

difference of 3.0 kcal/mol. This observation is in good agreement with previous studies showing 

that propene radicals are more stable than toluene radicals.45, 48, 54 Previous work by Hrovat and 

Borden, who utilized similar methods to determine the relative stability between toluene and 

propene, shows insignificant (~0.5-1.0 kcal/mol) differences compared to our results. A more 

recent computational study by Borden et al. utilizing composite, high-accuracy W1BD and G4 

methods predicted lower rotational barriers when compared to our results (Table 5.6).54 

Nevertheless, the experimentally calculated allyl rotational barrier of 15.7±1.0 kcal/mol by Korth, 

Trill and Sustmann using EPR is in exceptional agreement with our computed value for the allyl 

radical rotational barrier, 16.1 kcal/mol.55 Though the experimental work was in an acidic media, 

we expect minimal solvent effects as previously discussed.  
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Table 5.6. Rotational barrier energies for 1A, 1B and 1C calculated at B3LYP/6-31+G(d,p) level 
of theory, and comparison of ΔREB and ΔBDE methods. ‘a’ and ‘b’ in site 1C indicates the 
corresponding bond for the rotation (see Scheme 1). Values are in kcal/mol.  

Structure(bond) ΔH‡  (-) ΔΔH‡ ΔBDE 
1A 16.1 1A-1B -3.0 -2.9 
1B 13.2 1A-1C(a) -4.7  11.1 (1A-1C) 
1C(a) 11.4 1A-1C(b) -8.3  -- 
1C(b) 7.9  1B-1C(a) -1.7 14.0 (1B-1C) 
  1B-1C(b) -5.3  -- 

   

  A comparison of the relative stabilization of 1A, 1B and 1C shows that 1C is by far the 

most stable radical. Considering that the unpaired electron in 1C can be stabilized by both allylic 

as well as benzylic functionalities, these results are not surprising. Using the ΔBDE approach, the 

1C radical is 11.1 kcal/mol more stable than 1A and 14.0 kcal/mol more stable than 1B. The 

rotational barriers of the benzyl and allyl subparts of radical 1C show trends in the rotational 

barriers which are mirrored by 1A and 1B ΔREB. The barriers for rotation of the benzyl unit along 

bond ‘b’ and the allyl unit along bond ‘a’ (Scheme 5.1) in 1C are 4-5 kcal/mol lower than the 

rotational barriers calculated for 1A and 1B respectively. This suggests that either the conjugation 

from both directions decreases the rotational barriers or additional interactions introduced from 

the rotated groups decrease the rotational energy barriers for 1C. Determining the relative 

magnitude of these effects is difficult using the ΔREB method, as rotation induces σ-MO 

hyperconjugation in the transition state but not in the planar structures. Comparisons between these 

two methods provide further insight into the interactions which contribute to the relative stability 

of these radical sites, especially in the case of derivatization, explored in the subsequent text. 

  The trends in Table 5.6 indicate that more stable radical conformations (e.g. 1A vs. 1B) 

have greater barrier energies for methylene rotation, in agreement with previous studies.41 In the 

case of 1C, if the rotational barriers are added, a resonance stabilization energy for 1C is calculated 

to be 19.3 kcal/mol. On the other hand, the relative difference of the two barriers for 1C is 3.6 

kcal/mol, which is in good agreement with the relative rotation barriers of 1A and 1B (3.0 

kcal/mol). We posit the 0.6 kcal/mol difference is the result of 1C being a secondary carbon radical 

center while 1A and 1B are primary carbon radical centers, and/or the degree of hyperconjugation 

in the minimal and rotated structures around bond ‘a’ and ‘b’ are not the same. These calculations 

indicate that the comparison of rotational barriers and ΔBDE can explain the behavior of resonance 
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in these three sites. For the sake of brevity, further energetic analysis of 1C will be omitted; 

however, a population analysis of 1C will be provided in the subsequent sections.  

5.4.3  Effect of π-conjugation in systems with benzyl-allyl functionalities 

 The methylene unit where radical 1C originates effectively cuts off the π-conjugation 

between the benzyl and allyl functionalities in compound 1. If that methylene group is eliminated 

(compound 2, Scheme 5.3), the unpaired electron originating from compound 2 on the allyl (2A) 

or benzyl (2B) units should be stabilized by five contributing resonance structures. Considering 

previous discussion, one would anticipate 2A to be more stable than 2B but not by more than 2.9 

kcal/mol, as was observed in the case of 1A and 1B. For both 2A and 2B radicals, there are two 

possible ways to calculate rotational transition state barriers, which are shown in Scheme 5.3. For 

example, rotating the methylene unit in radical 2A along bond ‘c’ disjoints the radical site from 

the rest of the molecule, while rotating along bond ‘d’ would result in an allyl radical disjointed 

from the rest of the molecule. Similarly, for radical 2B, rotation along bond ‘e’ would isolate this 

doubly-stabilized radical site while rotation about bond ‘d’ would make a benzyl radical. By 

effectively removing the π-conjugation via the rotations about bond ‘d’ in 2, it allows us to 

compare the relative stability of the benzyl and allyl radical from another perspective.  

 

Scheme 5.3. Allyl (2A) and benzyl (2B) functionality containing molecules derived from a parent 
molecule, 2. Bonds c, d and e are labeled for defining the rotational energy barriers.  
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As summarized in Table 5.7, 2A was found to be 6.0 kcal/mol and 5.8 kcal/mol more stable 

than 2B via the ΔREB and ΔBDE methods, respectively. Surprisingly, the degree of stabilization 

in the allyl versus the benzyl radical is nearly double the amount of relative stability observed 

between 1A and 1B, indicating that increased π-conjugation via the deletion of the -CH2 

functionality in 1 increases the stability of the allyl radical to a much greater extent than seen by 

the benzyl radical.  

Table 5.7. Relative Stabilization of 2A and 2B using the ΔREB and ΔBDE methods. Values given 
in kcal/mol. Letters in brackets indicate the bond about which the rotation has taken place. 

 

 

  

The rotational barriers for 2A(d) and 2B(d) were calculated to be 7.9 and 4.9 kcal/mol 

respectively. These barrier energies are significantly less than the rotational barriers derived from 

the -CH2 rotations in radical daughter products of 1, presumably as no radical sites are located on 

the atoms connecting two functionalities. Furthermore, the difference between these rotations is 

3.0 kcal/mol, which is similar as was seen in the case of relative rotational barriers of 1C(a) and 

1C(b). This shows the presence of error cancelation in our utilized methods. However, our earlier 

postulate that a 0.6 kcal/mol difference for site C was due to the position being a secondary carbon 

radical is not verified with the ΔREB results for compound 2.  

The results provided in Table 5.7 demonstrate radical 2A is significantly more stable than 

radical 2B; this is reflected in the rotational transition state barriers for these radicals compared to 

their partners originating from precursor 1. If conjugation of an allylic radical is extended through 

a phenyl functionality (2A), the rotational barrier increases by 4.6 kcal/mol compared to the case 

where the conjugation is broken by the -CH2 unit in 1A. Similarly, if a benzyl radical experiences 

an extension of π-conjugation through the allylic functionality at the para position (2B), the 

rotational barrier increases by only 1.6 kcal/mol compared to the case with broken conjugation, 

1B. This differential enhancement in the rotational energy barriers implies that the allyl radical is 

able to utilize the π-conjugation more effectively for radical delocalization, in turn increasing the 

rotational barrier by 4.6 kcal/mol. This result is similar to the findings of Sui et al. who investigated 

 
ΔH‡ 

  
(-) ΔΔH‡ ΔBDE 

2A(c) 20.8 
 

2A(c) - 2B(e) -6.0 -5.8 
2A(d) 7.9 

 
2A(d) - 2B(d) -3.0 -- 

2B(e) 14.7  
2B(d) 4.9  



 

135 
 

the spin distributions of benzannulated benzyl radicals.60 On the contrary, the benzyl radical is not 

able to utilize the extended conjugation effectively. The overall extent of electron delocalization 

and stability in the aforementioned systems is further discussed in the subsequent section with the 

aid of population analyses.  

5.4.4  Spin density and molecular orbital analysis 

 Population analyses including Mulliken population analysis, NBO and QTAIM (or AIM) 

were performed to gain a deeper understanding of the nature of radical stabilization by allyl and 

benzyl functionalities. The NBO and QTAIM results for the atomic spin density for 1A and 1B 

are summarized in Figure 5.1, which demonstrates that the spin is delocalized in both systems; 

however, the extent of delocalization is starkly different. Mulliken spin density derived plots 

(Figure 5.2) showed qualitative agreement with the NBO and AIM analyses.  

 
Figure 5.1. NBO and QTAIM atomic spin densities on carbons of interest in (a) 1A and (b) 1B. 

  Figures 5.1 and 5.2 indicate the degree of radical delocalization for the benzyl radical is 

less than that of allyl radical. In the case of 1A, the radical character is almost equally shared 

between the two alternate carbons of the allyl unit, with a small excess of β-spin density in the 

carbon joining these two. On the contrary, the majority of the spin density is located on the benzylic 

carbon center in 1B with small sharing of alternating excess α and β atomic spin density on phenyl 

carbons, which is unexpected from a traditional view of resonance structures. This observation 

may also corroborate the notion that breaking the aromaticity would not allow for proper sharing 

of an unpaired electron by an aromatic unit.  

Singly occupied molecular orbitals (SOMOs) and atomic spin densities for 1A and 1B are 

shown at three different isocontour values in Figure 5.2. Inspection of these plots for the same 
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isocontour values (±0.04 a.u. for spin density and ±0.2 a.u. for the SOMO) clearly shows that the 

electron is more delocalized in the allyl structure than the benzyl structure. Although the benzyl 

radical has three possible contributing resonance structures through the phenyl group, these 

analyses indicate that they contribute less significantly to the stabilization of the benzyl radical 

center. In the allyl radical case, the opposite is true, as the excess α atomic spin density is observed 

to be spread between two different carbon sites. This observation can also be linked to the results 

provided in Table 5.6, which shows that allylic radicals have a slightly higher barrier to rotation 

than benzyl radicals. The reason for the extra energy needed for an allylic rotation may indicate 

that the more delocalized spin contributes to the increased energy needed to rotate the methylene 

carbon 90 out of plane. This means that understanding the degree of delocalization through 

population analyses and SOMO isosurfaces could be a useful factor to estimate the rotational 

barriers of a variety of conjugated radicals.  

 

Figure 5.2. (a) SOMO electron density isosurfaces of 1A and 1B at three different isocontour 
values. (b) SCF atomic spin density isosurfaces of 1A and 1B at three different isocontour values. 
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Analysis of structure 1C through NBO calculations confirms that 1C benefits from both 

allylic and benzyl delocalization, Figure 5.3a. This population analysis is consistent with the 

results shown in Table 5.6, which shows greater rotational barriers for bond ‘a’ versus bond ‘b’. 

Figures 5.3b and 5.3c corroborate the previous population results found in Figure 5.1, as the 

transition state structure associated with the rotation of the allyl or benzyl functionality reproduces 

the spin populations within 5% for all pertinent carbon centers compared to the minimum 

structures. Furthermore, Figure 5.3a shows that both the allylic and benzylic functionalities in 1C 

are sharing a nearly equal amount of excess α spin density, 0.45 a.u. for allyl functionality and 

0.47 a.u. (0.15+0.15+0.17) for the phenyl functionality. In the case of carbons with excess β spin, 

the difference between the two radicals increases to 34.1%, with the allyl functionality having -

0.17 a.u. excess β spin and the phenyl group having -0.24 a.u. (-0.07-0.07-0.10) excess β spin. The 

relative difference of the excess β spin in both functionalities in compound 1C correlates well to 

the relative barriers of the rotations about bonds ‘a’ and ‘b’. The relative difference between the 

barriers of 2C(a) and 2C(b), Table 5.7, is 35.2%, in near agreement with the difference in excess 

β spin for the benzyl and allyl functionalities in 1C. The degree of substitution for the carbon center 

(primary or secondary) and the type of substituent (allyl, benzyl or methyl) did not significantly 

change the observed total partial atomic spin densities in all cases investigated. 

 

Figure 5.3. NBO atomic spin densities for carbon centers in (a) 1C, (b) rotated 1C(a), and (c) 
rotated 1C(b).  

0.45 
-0.10 

-0.17 
0.15 

0.17 
-0.07 

0.15 
0.51 

-0.07 
(a) 

-0.19 
0.58 

0.61 

(b) 

-0.10 
0.69 

-0.10 0.20 

0.21 

-0.13 
0.23 

(c) 



 

138 
 

  

Figure 5.4. NBO atomic spin densities for carbon centers in (a) 2B, (b) 2A, (c) rotated 2B(d), and 
(d) rotated 2A(d). 

 

Figure 5.4 displays the NBO results for 2A and 2B and associated transition state structures 

rotated about bond ‘d’. The population analysis for 2B insinuates the benzyl radical does not share 

a significant amount of spin density with the adjacent allyl unit. Through comparison of Figures 

5.4a and 5.4c, one can see that 2B contains less spin delocalization, as the spin density is mostly 

associated with the benzyl carbon when compared to the rotated structure 2B(d). When the 

conjugation is broken through rotation about bond ‘d’, the spin density is more delocalized for 2B. 

It is clear for the benzyl radical that utilization of the phenyl and allyl units is minimal, highlighting 

our original claim that benzyl carbons are much less likely to benefit from conjugation from an 

energetic or rotational barrier perspective. This perspective on radical delocalization is shared by 

Sui et al., who suggested that spin density distributions onto annulated arenes is avoided as much 

as possible.60 Interestingly, the degree of spin delocalization on the benzene ring in 2A is in 

quantitative agreement with the populations in 2B, further indication that benzyl radicals do not 

utilize the aromatic unit to a greater extent than with compound 2A. This mirrors the results of 

Table 5.3, which showed a differential enhancement in the computed barrier heights (+1.6 

kcal/mol for benzyl radicals and +4.7 kcal/mol for allyl radicals) for similar methylene rotations 

in compounds 1 and 2.  
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5.4.5  Effect of increasing π-conjugation 

  In order to understand the impact of additional -conjugation on the relative stabilization 

of the radical, one and two additional functionalities were incorporated in molecule 1 (see Scheme 

5.4). To this end, the phenyl unit was replaced with naphthyl and anthryl units, while the allylic 

unit was extended by introducing one and two more double bonds. The precursor molecules with 

additional benzene units are named 1_b and 1_bb, while precursors with additional allylic units 

are named 1_a and 1_aa. The corresponding radicals are named in the same manner as the 

previously; for example, allyl and benzyl radicals from 1_a are named as 1A_a and 1B_a 

respectively. The ΔBDE and ΔREB approaches were utilized to evaluate the impact of these 

additional units on the radical stabilization. For example, to compare the relative stability of our 

butadiene-modified structure, the ΔBDE method calculates the stability via ΔH=H1A_a-H1B_a. 

Likewise, the ΔREB method compares the rotational transition state associated with the radical 

with extended conjugation and the benzyl or allyl rotation (obtained from rotating 1A and 1B), as 

the functionalization of one side of compound 1 will not affect the barrier associated with the other 

side due to the break in conjugation. For example, the difference in rotational barriers of radicals 

derived from 1_a was calculated from the rotation of 1A_a and 1B, denoted as ΔΔH‡=ΔH‡
1A_a-

ΔH‡
1B. 

 

Scheme 5.4. Extending conjugation of structure 1 using fused benzene rings and linear conjugated 
double bonds.  
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  Figure 5.5 shows the difference between allyl and benzyl type radicals for all the molecules 

shown in Scheme 5.4 formed from precursor 1. We note that even naphthylmethyl radical is less 

stable than an allyl radical by about 0.5-1.7 kcal/mol. However, when the conjugation is extended 

to produce an anthrylmethyl radical, this radical is observed to be more stable than the allyl radical 

(Figure 5.5). Furthermore, when double bonds are added to the allylic unit, both the ΔREB and 

ΔBDE approaches show similar results. However, disagreement between the two methods is 

observed in anthracene and naphthalene functionalized compounds, indicating that more 

complicated molecular interactions may be present in these molecules. In the case of 1_b, the 

resonance stabilization of the allyl radical and the naphthylmethyl radical differs by over 1.2 

kcal/mol when calculated via the two methods. The rotational barriers fail to account for the 

stability of allyl radical relative to naphthylmethyl radical. For anthrylmethyl radical, the ΔBDE 

shows that the allyl radical is 1.3 kcal/mol less stable compared to the rotational approach, which 

is a similar difference observed in the case of naphthylmethyl system (1.2 kcal/mol). The radical 

position in these ring structures could elucidate why the allyl radical is more stable than a 

naphthylmethyl radical.  

 

Figure 5.5. Relative stability of allyl and benzyl radicals via increasing π-conjugation as calculated 
using ΔBDE and ΔREB methods. Parent structures shown for each case. Numbers are in kcal/mol. 
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 The increasing π-density of the naphthalene and anthracene rings may be altering the 

degree to which the barrier energy is representing the overall stabilization of the molecule. It is 

possible that increased aromaticity could alter the electron density in the benzene where the two 

groups are positioned, perhaps due to aromatic C-H interactions with the rotated methylene SOMO 

or effects which may depend on the radical position in these ring structures. These effects may 

lead to hyperconjugation effects in the transition state, which would explain the difference between 

the ΔREB and ΔBDE approaches. In our structures, this difference between allyl and 

napthyl/anthryl radicals derived from 1_b and 1_bb is most likely due to the position of the napthyl 

and anthryl carbon. In 1B_bb, the anthryl radical carbon is adjacent to two hydrogens in similar 

chemical environments, while in 1B_b the napthyl radical is not adjacent to hydrogens in similar 

chemical environments. Previous work has shown that the position of the benzyl radicals in 

polycyclic aromatic hydrocarbons has a significant effect on the stabilization of the radical site.27, 

93, 94 Hemelsoet et al. showed that C-H bond strength corresponding to the methyl group attached 

to a central ring is much smaller than that of the C-H involving a methyl group that is on the border 

of a linear acene.93 They argued that the π-character of the radical contributes the most to the 

stability of that particular radical site, as these radicals are intrinsically stabilized by resonance 

effects. However, the relief of steric hindrance of a methyl carbon at the central positions of linear 

acenes with the introduction of the radical is also a large contributor to radical stabilization, 

indicating the structure of the parent molecule is an important factor when considering stabilized 

radicals via aromatic groups. Our results also suggest that the position of the methyl group and the 

corresponding -CH2-CH=CH-CH3 functionality play a large role in determining the relative 

stabilization of these benzyl radicals vs. the allyl radicals.  

5.4.6  Effect of increasing hyperconjugation  

  The rotation of methylene radical carbons adjacent to π-conjugation completely diminishes 

any p-orbital overlap from the carbon radical with the nearby conjugation. Additionally, as the π-

conjugation or resonance effects are diminished, the transition state associated with the 90 

methylene rotation is dominated by σ-hyperconjugation effects from the rotated hydrogens. This 

section attempts to quantify the effect of increasing hyperconjugation at either of the radical sites 

through the addition of methyl groups in 1 as shown in Scheme 3.5. Allyl and benzyl radicals with 

one and two additional methyl groups are named with the suffix of _Me and _Me2 respectively. 
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As before, ΔREB and ΔBDE provide a method to quantitatively compare these radical centers. 

Firstly, ΔREB and ΔBDE were used to compare the relative stability of methylated and di-

methylated radical centers as shown in Table 5.8. For instance, the relative barriers or ΔREB for 

methylated allyl and benzyl radicals e.g. 1A_Me-1B_Me could be calculated as = ΔH‡
1A_Me - 

ΔH‡
1B_Me, while the ΔBDE is calculated in a similar fashion via the minimum enthalpies = H1A_Me 

- H1B_Me.  

 

Scheme 5.5. Derivatives of radicals 1A and 1B used to evaluate the effect of hyperconjugation on 
allyl and benzyl radical stability.  

 

Table 5.8. Rotational transition state barriers and relative stability of methylated allyl and benzyl 
radicals along with the parent radicals. Values given in kcal/mol.  

 

 

  

 Next, ΔREB and a modified ΔBDE method were used to compare the differences between 

the radicals shown in Scheme 3.5 within the allyl or the benzyl family and the results are shown 

in Table 5.9. In this case, ΔREB can be calculated in the same way as discussed above. However, 

the ΔBDE approach must be modified because this approach relies on the difference between the 

energies of the two radicals. Consequently, a comparison 1A with 1A_Me is not possible due to 

the presence of an extra methyl unit and the same is true for other comparisons. As a result, four 

Parent Structure  ΔH‡ (1A) ΔH‡ (1B) (-) ΔREB  ΔBDE 
1 16.1 13.2 -3.0 -2.9 
1_Me 15.8 11.8 -4.0 -4.5 
1_Me2 14.7 9.6 -5.2 -6.0 
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additional isodesmic reactions were constructed to conserve the stoichiometry of the differing 

radical containing molecules, shown in Scheme 5.6. 

Table 5.9. Rotational transition state barriers and relative stability of methylated allyl and benzyl 
radicals along via the ΔREB and ΔBDE methods. Values given in kcal/mol. *Strucutre modified 
with methyl groups at opposite site to conserve reaction stioichometry. (see Scheme 5.6)  

  ΔBDE (-)ΔREB 
Allyl Radicals 1A_Me2 - 1A* -6.5 -1.4 
 1A_Me - 1A* -3.8 -0.3 
Benzyl Radicals 1B_Me - 1B* -2.6 -1.3 
 1B_Me2 - 1B* -3.0 -3.6 

 

For example, to compare the relative energetics of 1A_Me and 1A via the ΔBDE approach, 

structure 1A was modified with one methyl at the benzyl carbon, to conserve the number of methyl 

groups in the reaction. It should be noted that the ΔBDE and ΔREB approaches do not necessarily 

capture the same contributions to the overall relative energy differences. In the case of the ΔBDE 

method, the relative energy difference will encompass π-conjugation effects, σ-conjugation 

effects, steric effects (minimum structures) and the change in the order of the carbon radical (e.g. 

1°, 2°, or 3° center). In the case of ΔREB, the relative barrier energies will be affected by the 

differences in π-conjugation, σ-conjugation, and steric effects (in TS and minimum structures). 

These differences are minimalized in Table 5.4, as the nature of the carbon radical and the relative 

steric factors are kept constant when mono- and di- substituted radical centers are compared. The 

same cannot be said for Table 5.9, where the order of the carbon radical changes, and the relative 

steric affects between the mono- and di- substituted radical centers will not be conserved as in 

Table 5.8. For this reason, the comparison of ΔREB and ΔBDE in Table 5.9 will not yield 

comparable results, e.g. the ΔBDE method predicts that the stability increases with the increasing 

methyl substitution, however the ΔREB method implies that stability should decrease as the barrier 

energies are shown to decrease.  
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Scheme 5.6. Four isodesmic reactions used to evaluate the additional stability provided by 
methyl groups for allyl and benzyl radicals. 

 

  In the case of methyl derivatized allyl radicals, Table 5.8 shows one additional methyl 

group does not significantly impact the value of the transition state barriers, however adding a 

second methyl group lowers the transition state barrier by 1.4 kcal/mol. This decreasing stability 

is also noted for one and two methyl substituted benzyl radicals, where the barrier decreases with 

each additional methyl unit, however; the decrease in the barrier is much more pronounced in the 

case of derivatized benzyl radicals. As with our previous systems, both ΔREB and ΔBDE methods 

agree with each other when comparing methylated allyl radicals to the corresponding benzyl 

radicals. The difference between the ΔREB and ΔBDE methods increases with the amount of 
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methyl substituents; 0.5 kcal/mol and 0.8 kcal/mol for one and two methyl substituents 

respectively. As previously stated, the larger barrier energy corresponds to a more stable 

conjugated radical, therefore the addition of methyl units to an allyl or benzyl radical has an overall 

destabilizing effect compared to the control case, where for allyl radicals, the addition of methyl 

groups to allyl radical sites does not significantly impact radical stability until the second methyl 

unit is added. These results could have significant implications in understanding the reactivity of 

derivatized benzyl radicals, as the more methyl groups would lead to a more reactive radical site 

decreasing the residence times of such radical species, subsequently limiting their detection. 

Paradoxically, methyl derivatized benzyl radicals are useful to use in experimental studies due to 

their non-symmetrical nature vs. a non-substituted radical position. As with the previous sections, 

NBO calculations were undertaken to understand the degree of spin delocalization in 

hyperconjugated allyl and benzyl radicals.  

Table 5.10. NBO spin densities on the radical site in hyperconjugated structures in both the 
minimum and the transition state. Spin densities provided for 1A and 1B for comparison purposes.  

 MIN TS 
1A 0.62 1.03 
1A_Me 0.59 0.96 
1A_Me2 0.56 0.90 
1B 0.71 1.04 
1B_Me 0.68 0.97 
1B_Me2 0.66 0.91 

 

  Table 5.10 shows the atomic spin density for the radical site in each structure. Upon 

introduction of methyl groups, both allyl and benzyl radicals are shown to become less localized 

on the methylene unit in both the minimum energy structures and the transition states. In the 

minimum energy structures, the spin densities decrease by approximately 0.03 a.u. for each 

consecutive methyl group added, regardless of the type of radical. In the transition state structures, 

the change is much more significant, the spin density decreases by ~0.06 a.u. for each methyl 

group adding to the radical site. Our NBO results do not show a significant difference between the 

two radical sites from the standpoint of hyperconjugation; however, it appears that the change in 

the spin density for the allyl radical structures is greater moving from the minimum to the transition 

state for allyl radicals, which would substantiate our previous results. It appears that the spin 

densities on the radical sites for allyl and benzyl radicals could be a marker for the energetic values 
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shown for the rotational barriers in Table 5.8; however, there are other interactions such as sterics 

which must be playing a significant role in the differences between the hyperconjugated allyl and 

benzyl radicals.  

5.5 Conclusions 

Using probe molecules, it was established that benzyl radicals are ~3.0 kcal/mol less stable 

than allyl radicals. Through population analyses, namely NBO calculations, this relative stability 

was understood via the differences in the radical delocalization in these two species. NBO 

calculations clearly showed that benzyl radicals are much less delocalized than their allyl radical 

counterparts. This extent of delocalization, probed via NBO spin densities, was corroborated by 

ΔREB results, which showed that rotating the methylene group in benzyl radical requires less 

energy since it is less delocalized. When radical sites are stabilized by both phenyl and allyl 

functionalities, allyl sites were calculated to be at least twice as stable as the benzyl sites, which 

was also evident by the NBO analysis.  

When the impact of increased conjugation was evaluated, naphthylmethyl radicals were 

shown to be less stable than allyl radicals while the anthrylmethyl radicals were more stable. The 

number and type of neighboring hydrogen atoms for naphthylmethyl and anthrylmethyl radicals 

was posited to play a significant role in the stabilization energy calculated by ΔREB and ΔBDE. 

The ΔREB method was sensitive to the position of the radical site in naphthylmethyl and 

anthrylmethyl radicals. On the contrary, when conjugation was extended with double bonds in the 

case of allyl radicals, no differences in the computed energetics were noted. Overall, an extension 

of -conjugation affected the stability of allyl radicals more than benzyl radicals.  

Upon increasing the σ-conjugation by addition of methyl groups, it was concluded that the 

first methyl group has a higher impact on the radical stability when compared to the introduction 

of the second methyl group presumably due to the sterics. Differences in the calculated results 

from ΔBDE and ΔREB approaches were noted. The ΔREB method showed that a decreasing trend 

in rotational transition state barriers was observed for benzyl radicals, however allyl radicals did 

not show this trend. These differences were attributed to steric factors and C-H interactions with 

the neighboring π-density. Furthermore, decreasing trends in total atomic spin densities at the 

radical site was observed for increasing σ-conjugation for both radical sites, with greater decreases 

observed for transition state structures. The correlation between the relative spin densities at two 
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radical sites and the relative stability of those sites may provide useful insight into the amount of 

contribution σ-conjugation and π-conjugation and other factors to the overall relative stability of 

these radicals.  

Overall, these calculations highlight the general misconception that more resonance 

structures lead to more stable chemical species, which is not always true. The relative stability of 

allyl and benzyl radicals computed through energetic differences derived from two separate 

methods were understood in terms of the relative degree of spin delocalization between these 

radicals. This work provides chemical insight useful to many scientific disciplines, including 

polymers, atmospheric research, and organic chemistry. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE OUTLOOK 

 

6.1  Conclusions 

 In this thesis, we have demonstrated that electronic structure calculations are a good first 

choice to revealing important chemical information for a variety of chemical systems at the 

molecular level. Traditionally, DFT calculations are not employed to a great extent in 

environmental chemistry, often due to the large number of variables needed to accurately quantify 

these matrices. Despite the innate complexity of the environment, we have continuously 

demonstrated that particular facets of these matrices, especially by highlighting structure-activity 

relationships between simplified components, can be described by electronic structure calculations 

to help gain insight beyond what is typically afforded through routine experimentation. We have 

shown that electronic structure calculations could be important to understand a great deal about 

PFASs, from their synthesis, to their degradation in a variety of chemical environments. By 

probing the chemistry of PFASs, we have also gained valuable insight into the chemistry of a 

variety of environmentally relevant radicals, and in each case have used DFT to understand the 

reactivity and stability of these radicals in a systematic manner.  

 Electronic structure calculations can never stand alone and must be contextualized by 

experimental investigations to reinforce or modify our knowledge of any chemical system. Today, 

DFT is often seen as a means as reinforcing the conclusions of experimental work and to a lesser 

extent providing a foundational approach to guide initial investigations. I have taken the latter 

approach by attempting to characterize the fundamental chemistry of recalcitrant pollutants, so 

that we can exploit this fundamental chemistry to devise more effective remediation strategies. For 

example, we aren’t as concerned with how much PFAS degrade or are sorbed within a specific 

context, but rather why or why not the PFAS sorbed/degraded. What mechanisms dominate the 

degradation/sorption process? Can we understand the reactivity in the extreme cases and then 

extrapolate these conclusions to more practical and relevant conditions? Are these conclusions 

relevant across various chemical substrates or do they hold only for a set of molecular scaffolds? 

These are the questions were have begun to ask and continue to help guide our experimentation to 

this day. We can begin to carefully understand the dominant chemical mechanisms involved with 
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those experimental observables and use this knowledge in a more effective manner, one that is 

useful for both chemical scientists and environmental engineers.  

 The definitive goal of this thesis was to develop multi-faceted approach to chemically 

remediate environmental pollutants of emerging concern. Although the goal is often never 

achieved in the primordial beginnings of academic research, this thesis provides a springboard into 

achieving this goal in the most efficient manner possible. First, each of the works within provides 

us with an intuition of the chemistry occurring in short time scales on a molecular level and is 

centered around elucidating the stability and reactivity of structurally diverse organic radicals. 

Secondly, this work has provided test-able predictions for the reductive dehalogenation of PFASs 

including their standard electrode potentials and the site and thermodynamic profiles of electron 

addition. To continue our path forward, the rest of this chapter outlines the ongoing work to achieve 

our aforementioned goals and provides an ever-growing list of problems to be tackled by graduate 

students for years to come.   

6.2.  Future and Ongoing Work 

6.2.1  Describing the Electron Transfer Mechanisms from Co(I) to model PFASs  

 A natural extension of Chapter 2 would be to fully deconvolute the mechanism of electron 

transfer from the Co(I) macrocycles (Co(1)M) to model PFAS substrates. The exact mechanisms 

of electron transfer from (Co(1)M), especially Vitamin B12 (VB12), have only been elucidated in 

the literature for chlorinated and brominated organics. Therefore, the subsequent work will help 

us to contextualize our understanding of Co(I)-mediated reductive defluorination in lieu of the 

literature concerning Cl and Br.  In Chapters 2 and 3, only substrate level quantities such BDE and 

AEA/E° were used to probe the reactivity of reductants toward (Co(1)M); however, the influence 

of the macrocycle on the reaction was never considered. Currently, density functional theory 

investigations are helping to shed light on the thermodynamic and kinetic profiles of inner and 

outer sphere electron transfer between Co(I)M and a set of model substrates (Figure 6.1).  
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Figure 6.1. Co(I) macrocycles and substrates under consideration.  

 Although CoP (Figure 6.1) is only a theoretical structure it is still suitable for an initial 

investigation into the mechanism of inner sphere electron transfer between this structure and n-

perfluoropentanoic acid. It’s now clear that linear structures do not undergo reductive 

defluorination, even at elevated temperatures, nonetheless investigating the mechanisms for linear 

PFASs is an essential component to rationally capable catalyst materials. Figure 6.2 shows the 

reaction profile and associated transition state structures for inner sphere attack at each unique 

carbon center. For each position shown, the complexation reaction is uphill in energy (RC), 

requiring at least 50 kJ/mol of energetic input. 
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Figure 6.2. Energetics of Co-Porphyrin attack at various positions of perfluoropentanoate. 
Transition state for each point of attack is shown. Profiles computed at the ωB97-
XD(SMD=water)/TZVP(Co)6-31+G(d,p)(F,N,C,O,H) level of theory. 

 The nucleophilic attack by Co(I) at each center (TS) has an appreciable >120 kJ/mol 

activation energy barrier which correlates well with the current consensus in the experimental 

literature. The product complex (PC) for each center shows F- release and forms a Co-carbon bond. 

The alpha position had the lowest kinetic barrier and all reactions were found to be spontaneous at 

room temperature (298.15K). The inner sphere reactivity shown in Figure 6.2 parallels the 

conclusions of Chapter 3, which also showed that the alpha position was most favorable position 

for electron insertion.  

 The large activation energy barriers noted in Figure 6.2 are likely the reason for CoP 

inability to react with linear PFAS.  For linear PFAS to be degraded by Co(I) macrocycles, 

substituent effects could be used to lower the energy needed for complexation and more 

importantly, lower the activation energy. To engineer a more effective Co(I)-based catalysts, initial 

DFT studies have been undertaken to shed light on the effect on substituents, namely strong 

electron withdrawing and donating groups, on the activation energy for nucleophilic substitution 

at the alpha position of perfluoropentanoic acid (Table 6.1).  
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Table 6.1. Computed Gibbs free energy of activation for nucleophilic substitution reaction by Co(I) 
to the alpha position of perfluoropentanoic acid for various systems. Substitutions in CoP were 
made at the methylene bridge carbons between the pyrrole subunits. Computed at the ωB97-
XD(SMD=water)/TZVP(Co)6-31+G(d,p)(F,N,C,O,H) level of theory. 

 ΔG‡(kcal/mol) 

VB12 45.5 
CoP 42.1 
CoP(NH2)4 36.5 
CoP(CH3)4 40.0 
CoP(CN)4 48.1 
CoPz 48.8 

 

 Table 6.1 demonstrates that the activation energy barrier is lowered by electron donating 

groups (EDGs). The stronger donating groups lowered the barrier by a greater degree compared to 

weaker donators (-5.6 kcal/mol for -NH2 vs. -2.1 kcal/mol for -CH3). There is also a significant 

difference in the activation energy barriers across ring systems with increasing barriers in the 

following order: CoP > VB12 > CoPz. These computations show the possibility of modifying the 

ring system or using alternative ring systems to modify the catalytic effectiveness of Co(I)-based 

materials.  

 Although EDGs were found to promote reactivity with perfluoropentanoic acid, we have 

only considered inner-sphere nucleophilic substitution reactions which lead to C—F bond cleavage 

in PFAS materials. Although outer-sphere mechanisms are typically the exception to the rule for 

chlorinated organics, it should not be ruled out in the case of fluorinated materials. To this end, 

outer-sphere electron transfer reactions between the substrates and catalysts in Figure 6.1 are under 

consideration. To compute the outer-sphere electron transfer rates, Marcus theory will be used to 

derive the second order rate constants from electronic structure calculations in an analogous 

approach to Ji et al. who compared the energetic profiles of outer and inner-sphere electron transfer 

processes from VB12 to various unsaturated chlorinated materials.  
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 To compute outer-sphere electron transfer rate constants between a donor and acceptor for 

a reaction between a donor and an acceptor (Eq 6.1), the classical Marcus theory equation, Eq 6.2, 

will be utilized.  

 𝐷 + 𝐴 → 𝐷+ + 𝐴−         (6.1) 

 𝑘𝐸𝑇 = 2𝜋
ℎ

|𝑉𝐷𝐴|2√
1

4𝜋𝜆𝑘𝐵𝑇
𝑒

−(∆𝐺°+𝜆)2

4𝜆𝑘𝐵𝑇        (6.2) 

The important parameters to compute in Eq 6.2 are the electronic coupling (VDA), the 

reorganization energy (λ) and the Gibb’s free energy change for the reaction (ΔG°). The 

reorganization energy must be split up into the outer and inner sphere contributions according to 

Eq. 6.3.  

 𝜆 = 𝜆𝑜𝑢𝑡 + 𝜆𝑖𝑛         (6.3) 

 𝜆𝑜𝑢𝑡 = 𝑁𝐴𝑒2

4𝜋𝜀0
( 1

𝜀𝑜𝑝
− 1

𝜀𝑠
) ( 1

2𝑟𝐴
+ 1

2𝑟𝐷
− 1

(𝑟𝐴+𝑟𝐷)
)      (6.4) 

 𝜆𝑖𝑛 = 𝐸(𝐷𝑙―1│𝐷𝑙)―𝐸(𝐷𝑙―1│𝐷𝑙―1)―𝐸(𝐴𝑚+1│𝐴𝑚)―𝐸(𝐴𝑚+1│𝐴𝑚+1)  (6.5) 

The outer-sphere reorganization can be computed via the Marcus hard-sphere model (Eq. 6.4), 

which computes the displacement of the solvent molecules by assuming the donor and acceptor 

molecules are hard sphere with radii, rD and rA. Computing the molecular volume with Monte 

Carlo methods affords values of rD and rA, while εop and εs are constants which represent the optical 

and static dielectric constants of the solvent. Only variations in the implicit solvent model impact 

the values of εop and εs.  The inner-sphere contribution to the reorganization energy is computed 

using the ‘4-point’ method shown in Eq. 6.5. The notation E(a|b) means that the energy of state ‘a’ 

is calculated at the optimized equilibrium structure of ‘b’.  

 The electronic coupling between the donor and acceptor, VDA, is the most geometrically 

dependent element of the Marcus equation and its value is highly dependent on the donor-acceptor 

distance and the orientation of the orbitals at that specific geometry. The calculation of VDA is the 

most difficult for DFT methods because it requires a localization and overlap of diabatic states, 

which are difficult to characterize even in simple cases. A large component of the literature is 

dedicated to computing the electron transfer rates of homo-dimer systems such as in polymers and 

inorganic solid-state structures. When To transform the adiabatic states to diabatic states, two 



 

161 
 

approximation methods, the Generalization of Mulliken Hush (GMH) charge method and the 

Fragment Charge Difference (FCD) approximations, shown in Eq. 6.6 and 6.7 have been utilized 

to compute the electronic coupling from a diabatic Hamiltonian. In each case ΔE12 represents the 

difference between the LUMO and LUMO+1 orbital energy when considering an electron transfer 

process, and between HOMO and HOMO-1 for a hole-transfer process.  

 𝐻𝐷𝐴 = ∆𝐸12𝜇12

√(∆𝜇1+∆𝜇2)2+4𝜇12
2

        (6.6) 

 𝐻𝐷𝐴 = ∆𝐸12𝑄12

√(∆𝑄1+∆𝑄2)2+4𝑄12
2

        (6.7) 

In the GMH method, the operator to compute the coupling is the difference between the diabatic 

dipole moments, while in the FCD method, the transition charge difference is used. To compute 

the electronic coupling via the two approximations above, eCoupling server, a tool established by 

I. Cabeza de Vaca et al. can be utilized in conjunction with DFT geometry optimization of the 

Co(I)M-PFAS complex. Rate constants produced by Eq 6.2 can be compared to the ones computed 

using a typical Erying transition-state theory approach for the nucleophilic substitution reactions.  

 

6.2.2 Rational Design of Water-Soluble Co(I) Macrocycles and Dual-Functional Redox 
 Catalysts 

 Despite our initial computations showing that the barrier energy for nucleophilic attack by 

Co(I)P at the alpha position of perfluoropentane is kinetically unfavored even with favorable 

substituent effects (Table 6.1), there are other applications to Co-based materials in a variety of 

fields. Recently, it has been demonstrated that both PFOA and PFOS can be degraded and 

transformed at longer time scales in humification reactions employing Laccase enzyme and a 

redox-mediator such as hydroxybenzatriazole (HBT).1–3 In these systems both PFOA and PFOS 

were degraded by Laccase enzyme, which is more well-known for its ability to catalyze the 

decomposition of lignin. Laccase mediators, a set of structurally small molecules, play a key role 

in these oxidation reactions and generally contain conjugated N-OH functionalities. N-OH 

containing molecules such as HBT, N-Hydroxyphthalimide (NHPI) and 2,2,6,6-

Tetramethylpiperidin-1-yl)oxyl (TEMPO) have all demonstrated an ability to oxidize various 

organic molecules, especially those containing aromatic C—H bonds.4–8 
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 Laccase mediators such as NHPI, TEMPO and HBT are typically activated by divalent 

metals metals, typically copper and cobalt, to form nitroxyl radicals, which are efficient oxidants 

for a variety of substances.9–11 Although it was unclear if the laccase mediators were the direct 

oxidants to PFOA and PFOS in the latter studies, the usefulness of N-OH based materials in a 

variety of fields warrants an investigation into combining the activator and oxidant into the same 

organic framework. Although some work has been published concerning metal the metal-free 

activation of NHPI and like molecules, no work has demonstrated the preparation of a material 

which contains both the oxidant and activator within the same molecular framework. Figure 6.3 

shows a proposed synthetic route to form Co-macrocycles containing N-OH functionalities. The 

octa-carboxylic acid derivatives can be prepared from previously reported methods12,13 followed 

by ring closing with acetic anhydride to form a phthalocyanine-anhydride structure. Reaction with 

hydroxylamine-hydrochloride in the presence of base is posited to form the N-hydroxyl 

macrocycle shown in Figure 6.3. These materials have the potential to be potent oxidants in a 

variety of contexts and due to their highly conjugated nature, also have potential in photodynamic 

therapy, a common application for phthalocyanine-based materials.14–16  

 

Figure 6.3 Proposed synthesis for N-OH based phthalocyanine molecules for applications in the 
oxidation of organic molecules. M represents a variety of +2 metal cations including Zn, Co, Cu, 
Fe, Ni, Mn and Mg. a) Ac2O, reflux b) NH2OH•HCl, pyridine, reflux 

 

6.2.3 Theoretical Calculations of Radical—PFAS Rate Constants via Marcus Theory 

 Redox-based chemistry with PFASs is a difficult task in any condition, especially in natural 

waters. Most PFASs are stable within a wide redox window, although reduction requires less 

energy compared to oxidation per electron. For the PFAAs, oxidation is not as dependent on the 

molecular structure sparing the polar head group, while the energetics and location of reduction is 

very dependent on the molecular structure. Although we have demonstrated that thermodynamics 



 

163 
 

can provide some useful predictions; kinetic descriptions of reactions are equally, if not more 

important for PFASs. To this end, we have begun to employ a Marcus theory-based approach to 

computing the second order rate constants of reducing and oxidizing radicals, like the hydrated 

electron (e(aq)
-•), carbon dioxide radical anion (CO2

-•), sulfate-radical anion (SO4
-•) and the 

hydroxyl radical (•OH), with PFASs with diverse functionalization. Comparisons of kET rates 

between theory and experiment with a set of standard molecules, perfluorinated and otherwise. 

 To understand the electron transfer processes between these radicals and substrates of 

interest, we soon realized that careful attention must be paid to the way the methods in which the 

parameters shown above are derived. On the reduction side, the structure of the hydrated electron 

has long since been debated in the literature;17–21 however, simple 4-water and 6-water clusters 

computed by Kumar et al. were shown to be representative of the experimental properties of the 

e(aq).19 Using typical DFT methods, we computed the standard reduction potential and 

reorganization energies of the e(aq)(H2O)4 and e(aq)(H2O)6 model systems by varying the selection 

of the Hamiltonian (ωB97-XD, M06-2X, B3LYP) as well as the implicit solvation model (SMD, 

IEFPCM, CPCM) while keeping the basis set selection constant (6-311+G(2d,2p)). The same was 

done for CO2
-•. The results for the two e(aq) models shown in Table 6.2 indicates that the 

computational method chose has a significant impact on the computed standard reduction 

potentials and the reorganization energies, both important components of the Gibb’s Free Energy 

barrier (ΔG‡) for electron transfer. The method B3LYP(SMD=Water)/6-311+G(2d,2p) appears to 

provide the closets match with the provided experimental values while the M06-2X and ωB97-XD 

methods often over-estimating the reduction potentials. Furthermore, the choice of the implicit 

solvent also has a marked impact on the computed reduction potentials, with IEFPCM and CPCM 

results often within 0.02 eV of each other and SMD having more significant (±0.05eV) differences 

between the two.  

 

 

 

 



 

164 
 

Table 6.2 Method dependence of the calculation of inner-sphere reorganization energies, λin, (eV) 
and standard reduction potentials, ES°, (V) for 4/6-water hydrated electron models and carbon 
dioxide radical anion. S.H.E = 4.28V (4.44V) 

Functional Solvent 
Model 

λin ES° 
e(aq)(H2O)4 e(aq)(H2O)6 CO2

-• e(aq)(H2O)4 e(aq)(H2O)6 CO2
-• 

B3LYP CPCM 1.49 1.58 2.95 -2.81 (-2.97) -2.91 (-3.07) -1.90 (-2.06) 
B3LYP IEFPCM 1.51 1.58 2.95 -2.82 (-2.98) -2.91 (-3.07) -1.93 (-2.09) 
B3LYP SMD 1.20 1.23 3.42 -2.96 (-3.12) -2.88 (-3.04) -1.90 (-2.06) 
M06-2X CPCM 1.54 1.63 3.11 -3.05 (-3.21) -3.00 (-3.16) -2.09 (-2.25) 
M06-2X IEFPCM 1.55 1.65 3.11 -3.03 (-3.19) -3.01 (-3.17) -2.09 (-2.25) 
M06-2X SMD 1.23 1.24 3.60 -3.18 (-3.34) -2.97 (-3.13) -1.86 (-2.02) 

ωB97-XD CPCM 1.94 2.14 3.25 -3.17 (-3.33) -3.22 (-3.38) -2.06 (-2.22) 
ωB97-XD IEFPCM 1.94 2.15 3.25 -3.17 (-3.33) -3.22 (-3.38) -2.06 (-2.22) 
ωB97-XD SMD 1.58 1.63 3.71 -3.22 (-3.38) -3.30 (-3.46) -1.83 (-1.99) 

    exp. 2.89 ± 0.03 -1.90 ± 0.02 
 

Table 6.3 Method dependence of the calculation of inner-sphere reorganization energies, λin, (eV) 
and standard reduction potentials, ES°, (V) for hydroxyl radical, sulfate radical anion and 
hydrosulfate radical. S.H.E= 4.28V (4.44V) apH=0, bpH=7 

Functional Solvent 
Model 

λin ES° 
•OH SO4

-• HSO4
• •OH SO4

-• HSO4
• 

B3LYP CPCM 0.01 0.71 0.60 0.91 (0.75) 1.16 (1.00) 2.72 (2.56) 
B3LYP IEFPCM 0.01 0.70 0.60 0.91 (0.75) 1.16 (1.00) 2.72 (2.56) 
B3LYP SMD 0.01 0.69 0.59 1.33 (1.17) 1.59 (1.43) 2.91 (2.75) 
M06-2X CPCM 0.01 1.13 0.91 0.75 (0.59) 1.43 (1.27) 3.03 (2.87) 
M06-2X IEFPCM 0.01 1.13 0.91 0.75 (0.59) 1.43 (1.27) 3.03 (2.87) 
M06-2X SMD 0.01 1.10 0.89 1.23 (1.07) 1.89 (1.73) 3.22 (3.06) 

ωB97-XD CPCM 0.01 0.90 0.74 0.85 (0.69) 1.27 (1.11) 2.82 (2.66) 
ωB97-XD IEFPCM 0.01 0.90 0.74 0.84 (0.68) 1.27 (1.11) 2.82 (2.66) 
ωB97-XD SMD 0.01 0.88 0.73 1.29 (1.13) 1.71 (1.55) 3.01 (2.85) 

    exp. 2.730 ± 0.017a 
2.31b 2.437± 0.019 

 

 In the case of oxidants, the computed results do not match well with experimentally derived 

standard electrode potentials (Table 6.3). At first, this was a puzzling predicament, as DFT was 

able to predict qualitative matches with experiments for the reducing agents. However, it has been 

recently shown that DFT-derived properties of CO3
-• were only accurate when explicit solvent 

molecules were included in the calculation.22 Other work has documented the impact of explicit 

solvent molecules on the properties and charge-density distributions in sulfate anion,23,24 therefore, 

we posited it was reasonable that implicit solvation was not enough to compute accurate properties 
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for environmentally relevant redox species. Table 6.4 shows in the impact of explicit water 

molecule on the computed standard reduction potential of each radical specie shown in Table 6.3. 

Conformations of the anion-water clusters for the neutral complex were adapted from literature 

studies while the radical conformations were optimized starting from the anionic-water cluster. A 

full statistical description of the entire set of radical-water conformations is outside the scope of 

this work, so the values in Table 6.4 only are derived from one type of conformation for each 

number of explicit waters used. The first conclusion we can draw from comparisons between 

explicit and implicitly solvated radicals is that explicit solvation has a marked impact on the 

standard reduction potential and increasing numbers of explicit waters increases the resulting value 

of the standard reduction potential. 

Table 6.4 Dependence of explicit water molecules on the computed standard reduction potentials 
for two implicit solvent models.   

Radical 
# 

Explicit 
Waters 

ES° 
B3LYP(IEFPCM)/6-311+G(2d,2p) 

ES° 
B3LYP(SMD)/6-311+G(2d,2p) 

S.H.E = 4.28V S.H.E = 4.44V S.H.E = 4.28V S.H.E = 4.44V 
•OH 0 0.91 0.75 1.33 1.17 

 1 1.32 1.16 1.54 1.38 
 2 1.61 1.45 1.71 1.55 
 3 1.76 1.60 1.75 1.59 
 4 1.76 1.60 1.80 1.64 
 5 1.90 1.74 1.88 1.72 

SO4
-• 0 1.16 1.00 1.59 1.43 

 3 1.64 1.48 1.92 1.76 
 6 1.96 1.80 2.02 1.86 
 9 2.07 1.91 2.12 1.96 
 12 2.26 2.10 2.10 1.94 
 18 2.29 2.13 2.16 2.00 

HSO4
• 0 2.70 2.54 2.91 2.75 

 3 2.42 2.26 2.29 2.13 
 6 2.50 2.34 2.26 2.10 
 9 2.35 2.19 2.27 2.11 
 12 2.62 2.46 2.62 2.46 

 

 From these preliminary results we establish that the choice of DFT functional, the implicit 

solvation model and the degree of explicit solvation are all important factors for determining 

accurate inputs for computing the standard reduction potential of the radical, and eventually the 

kET via the Marcus Equation. In Chapter 3, we investigated the electron attachment to a variety of 

linear PFASs and were able to comprehend the location and position of electron attachment based 
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on the identity of the polar head group and the length of the perfluoroalkyl chain. In this study we 

have optimized both the ground state anionic structure of PFAAs with sulfonate and carboxylate 

head groups, as well as the structure of the electron adducts. These computations can be used to 

compute the reorganization energies of the linear PFAAs and a combination of the structures 

shown in Figure 6.4 can be used to compute the electronic coupling between the hydrated electron 

and a PFAA of interest. We are currently utilizing a variety of DFT methods to determine the best 

way to compute the aforementioned parameters to yield accurate kET for a PFASs with a variety of 

functional groups including ethers, amides and branched compounds.  

  

 

Figure 6.4 Hydrated electron-perfluorohexane sulfonate adducts optimized at the 
B3LYP(IEFPCM)/6-31+G(2d,2p) level of theory. A 6-water structure from Kumar et al.19 was 
used to model the structure of the hydrated electron.  

 

6.2.4 Experimental Determination of Hydrated Electron—Reduction Rate Constants via 
 Laser Flash Photolysis 

 Nanosecond laser flash photolysis (LFP) is a powerful technique to detect and characterize 

short-lived transient radicals such as Cl2
-•,  I2

-•, Br2
-•, SO4

-• and e(aq)-• in aqueous conditions. 

Numerous studies have been conducted to compute the second order rate constants between 
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radicals such as SO4
-• and e(aq)-• and various environmentally relevant substrates such as humic 

substances25 and organic pollutants including PFASs.26–29 Our goal is to establish a high-

throughput and accurate methodology to compute the rate constants between SO4
-• and e(aq)-• and 

environmental pollutants, with special attention paid to deriving the rates of reaction between these 

radicals and various PFASs. Before these rate constants are derived, a suitable generator of the 

latter radical species will need to be chosen.  

 In the case of e(aq)-• generation, it has been widely established that inorganic radical species 

and some organic molecules such as quinones are efficient generators of e(aq)-• upon excitation 

with UV (<254 nm, dependent on conc.) will generate an excited anionic species which undergoes 

photodetachment to create an oxidized generator specie and a hydrated electron.17,30–32 Scheme 6.1 

shows a general approach to generating hydrated electrons in a typical laser flash photolysis 

system. Scheme 6.1 shows a typical method to compute the rate-constant of the reaction with a 

quencher (in this case an organic pollutant of interest) and the hydrated electron.  

 

 

 

 

 

 

Scheme 6.1. Process for generating hydrated electrons using 254nm laser photons and measuring 
the decrease in lifetime associated with the hydrated electron transient with addition of a quencher, 
Q. CTTS stands for ‘charge transfer to solvent’ which occurs on sub-picosecond timescale and is 
undetectable by nanosecond techniques. 

 Varying concentrations of substrate can be plotted against the associated lifetime measured 

by LFP to determine the second order rate constant between the quencher and the transient specie 

of interest. Sulfate radical has a transient absorption spectrum with a characteristic peak at 450 nm 

while hydrated electron’s transient absorption spectrum is dominated by a broad band absorbance 

from 450 to 700 nm depending on solution conditions (Figure 6.5). Figure 6.5 shows the generation 

of hydrated electrons from iron ferricyanide, which has been previously shown to have a high 

quantum yield (~1) for aqueous electron generation using 248nm laser photons, is highly 

dependent on whether the solution contains oxygen.30  
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Figure 6.5. Nanosecond transient absorption spectra collected following excitation of Fe(II)(CN)6 

at 254 nm in (a) N2-saturated solutions and (b) in air. Conditions: pH=9.5 Borate Buffer (50 mM), 
500 mM NaCl, 1.0x10-4 M Fe(II)(CN)6, 4.0x10-5 M Fe(III)(CN)6. 
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Along with protons, oxygen is one of the most effective scavengers of hydrated electrons, therefore 

all solutions should be prepared in borate buffer and with anoxically prepared stock solutions. To 

ensure an air-free environment all solutions were prepared in a glove-box with a mixed N2/H2 

atmosphere. Another consideration in these experiments is the ionic strength of the medium. Ionic 

strength has a marked impact on the quenching rate constants derived from Stern-Volmer type 

studies, therefore, all solutions were prepared with a constant ionic strength, with sodium 

perchlorate (a 1:1 electrolyte) added to balance the concentration of quencher, typically sodium 

salts of perfluorinated alkyl acids. 

 

Figure 6.6. 1/lifetime (τ) plotted vs. increasing concentration of trifluoroacetic acid in solution. 
Hydrated electron transient monitored at 690nm. 4 x 10-4 M K4Fe(CN)6 as generator; Adjusted to 
pH≥9.5 with NaOH; N2 saturated. 

 

 The results of such a quenching experiment can be visualized in Figure 6.6, which shows 

the rate constant between trifluoroacetic acid and the hydrated electron. Experiments are currently 

underway to measure the second order rate constant between the hydrated electron and various 

PFASs at pH=9.5 and pH=7.5 using borate and phosphate buffers, respectively. In combination 

with the theoretical work outline above, these LFP studies with various PFASs will help us 

understand how structure and function impacts the rate of these reactions in aqueous solution and 

provide predictions for PFAS molecules beyond what is currently commercially available.  
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APPENDIX A 

SUPPORTING INFORMATION FOR EARLY EVENTS IN THE REDUCTIVE 

DEHALOGENATION OF LINEAR PERFLUOROALKYL SUBSTANCES 

 

Modified from the supporting information for the manuscript published in Environmental 

Science & Technology Letters: 

D. J. Van Hoomissen1 and S. Vyas. 2 Environmental Science & Technology Letters Article 

ASAP DOI: 10.1021/acs.estlett.9b00116 

 

A.1.  Identifying the Stable Dianion-Radical States in PFPeA and PFBS 

 Firstly, geometry optimizations at the B3LYP(SMD=water)/6-311+G(2d,2p) of the 

anionic form of PFPeA and PFBS were conducted. Frequency analysis of these conformations 

confirmed local ground state minima for each anionic species. To each of these conformations, an 

extra electron was added to the stable anionic geometry, creating an instantaneous electron adduct, 

a dianion-radical specie in both cases. Relaxed potential energy scans of each unique bond in the 

structure (4 C—C bonds, 1 C—SO3− or C—COO− bond, and 4 C—F bonds) of the dianion-radicals 

of PFPeA and PFBS were used to determine the stable dianion-radical states shown in Figure 3.1. 

Scans of C—F and C—SO3− bonds always resulted in lower energy conformations compared to 

scans C—C and or C—COO− bonds. Based on a combination of the lowest energy and the lowest 

point in the gradient, these structures were further optimized for future calculations. A collection 

of the scans is shown for PFPeA (Figure A1-A8) and PFBS (Figure A9-A16) below.  

                                                      
1 Primary author and researcher 
2 Corresponding author. Contact: svyas@mines.edu, Tel: 303-273-3632 
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Figure A.1. Relaxed PES Scan of Cα--COO− for PFPeA. The orange point indicates a possible 
transition state or local minimum and is the lowest value of the gradient. Energies are normalized 
in each case to the first point in the scan. 

 
Figure A.2. Relaxed PES Scan of Cα--Cβ for PFPeA. The orange point indicates a possible 
transition state or local minimum and is the lowest value of the gradient. Energies are normalized 
in each case to the first point in the scan. 

 
Figure A.3. Relaxed PES Scan of Cβ--Cγ for PFPeA. The orange point indicates a possible 
transition state or local minimum and is the lowest value of the gradient. Energies are normalized 
in each case to the first point in the scan. 
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Figure A.4. Relaxed PES Scan of Cγ--Cδ for PFPeA. The orange point indicates a possible 
transition state or local minimum and is the lowest value of the gradient. Energies are normalized 
in each case to the first point in the scan. 

 
Figure A.5. Relaxed PES Scan of Cα--F for PFPeA. The orange point indicates a possible transition 
state or local minimum and is the lowest value of the gradient. Energies are normalized in each 
case to the first point in the scan. 

 
Figure A.6. Relaxed PES Scan of Cβ--F for PFPeA. The orange point indicates a possible transition 
state or local minimum and is the lowest value of the gradient. Energies are normalized in each 
case to the first point in the scan. 
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Figure A.7. Relaxed PES Scan of Cγ--F for PFPeA. The orange point indicates a possible transition 
state or local minimum and is the lowest value of the gradient. Energies are normalized in each 
case to the first point in the scan. 

 
Figure A.8. Relaxed PES Scan of Cδ--F for PFPeA. The orange point indicates a possible transition 
state or local minimum and is the lowest value of the gradient. Energies are normalized in each 
case to the first point in the scan. 

 
Figure A.9. Relaxed PES Scan of Cα--SO3− for PFBS. The orange point indicates a possible 
transition state or local minimum and is the lowest value of the gradient. Energies are normalized 
in each case to the first point in the scan. 
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Figure A.10. Relaxed PES Scan of Cα--Cβ for PFBS. The orange point indicates a possible 
transition state or local minimum and is the lowest value of the gradient. Energies are normalized 
in each case to the first point in the scan. 

 
Figure A.11. Relaxed PES Scan of Cβ--Cγ for PFBS. The orange point indicates a possible 
transition state or local minimum and is the lowest value of the gradient. Energies are normalized 
in each case to the first point in the scan. 

 
Figure A.12. Relaxed PES Scan of Cγ--Cδ for PFBS. The orange point indicates a possible 
transition state or local minimum and is the lowest value of the gradient. Energies are normalized 
in each case to the first point in the scan. 
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Figure A.13. Relaxed PES Scan of Cα--F for PFBS. The orange point indicates a possible transition 
state or local minimum and is the lowest value of the gradient. Energies are normalized in each 
case to the first point in the scan. 

 
Figure A.14. Relaxed PES Scan of Cβ--F for PFBS. The orange point indicates a possible transition 
state or local minimum and is the lowest value of the gradient. Energies are normalized in each 
case to the first point in the scan. 
 

 
Figure A.15. Relaxed PES Scan of Cγ--F for PFBS. The orange point indicates a possible transition 
state or local minimum and is the lowest value of the gradient. Energies are normalized in each 
case to the first point in the scan. 
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Figure A.16. Relaxed PES Scan of Cδ--F for PFBS. The orange point indicates a possible transition 
state or local minimum and is the lowest value of the gradient. Energies are normalized in each 
case to the first point in the scan. 

A.2.  Defining Electron Affinity 

Figure A.17. Defining and computing electron affinity in three different aspects with electronic 
structure calculations. With the potential energy surfaces given above, we assume that the 
compounds have a positive adiabatic electron affinity. Adapted from Rienstra-Kiracofe et al.1 
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A.3.  Water Complexation and Reactivity in (PFPeA/PFBS)•- and    
 (PFPeA/PFBS)2- 

 Table A1 and S2 show the enthalpic and Gibbs free energy corrected values of the reaction 

coordinate for radical H-atom abstraction following the two lowest points of reduction PFPeA 

from water starting with PFPeA•− and PFBS•− (fluorine dissociation assumed prior to 

complexation). Table A3 and S4 show the same values but for proton transfer from water to the 

reduced radical products, PFPeA2− and PFBS2−. Figure A18 shows the transition state which 

connects the PFPeA_0 adduct to PFPeA_1b dissociated intermediate. 

Table A.1. Energetics for reaction coordinate for H-atom abstraction from water with PFPeA 
radical-anions. Enthalpy corrected HF energies are shown (in kJ/mol) from B3LYP(SMD)/6-
311+G(2d,2p) level of theory, while values in parentheses are Gibbs free energy corrected values 
(in kJ/mol). Infinitely separated reactants are at 0.0 kJ/mol.  

 
H2O + C5O2F8−• → 
[C5O2F8--H2O]−• 

[C5O2F8--H2O]−• →  
[•OH--C5O2F8H−] (TS) 

[C5O2F8--H2O]-• → 
[•OH--C5O2F8H-] 

[•OH--C5O2F8H-] → 
C5O2F8H- + HO• 

Cα_1a -7.4 (23.4) 99.9 (142.3) 200.4 (247.5) 208.5 (221.2) 
Cα_1b 1.8 (31.2) 102.5 (146.1) 187.9 (235.2 206.7 (228.6) 
Cγ -2.4 (30.9) 86.4 (130.7) 164.2 (216.4) 163.2 (182.6) 

 

Table A.2. Energetics for reaction coordinate for H-atom abstraction from water with PFBS 
radical-anions. Enthalpy corrected HF energies are shown (in kJ/mol) from B3LYP(SMD)/6-
311+G(2d,2p) level of theory, while values in parentheses are Gibbs free energy corrected values 
(in kJ/mol). Infinitely separated reactants are at 0.0 kJ/mol. 

 
H2O + C4F8SO3-• → 
[C4F8SO3--H2O]-• 

[C4F8SO3--H2O]-• → 
[•OH--C4F8HSO3-] 

[C4F8SO3--H2O]-• → 
[•OH--C4F8HSO3-] 

[•OH—C4F8HSO3-] → 
C4F8HSO3- + HO• 

Cβ -5.0 (30.8) 94.4 (143.4) 179.3 (236.9) 185.9 (204.8) 
Cγ 4.4 (36.6) 89.0 (137.9) 153.0 (213.5) 161.7 (186.7) 

 

Table A.3. Energetics for reaction coordinate for proton abstraction from water with PFPeA 
dianions. Enthalpy corrected HF energies are shown (in kJ/mol) from B3LYP(SMD)/6-
311+G(2d,2p) level of theory, while values in parentheses are Gibbs free energy corrected values 
(in kJ/mol). Infinitely separated reactants are at 0.0 kJ/mol. 

 
H2O + C5O2F82- → 
[C5O2F8--H2O]2- 

[C5O2F8--H2O]2- → 
[-OH--C5O2F8H-] (TS) 

[C5O2F8--H2O]2- → 
[-OH--C5O2F8H-] 

[-OH--C5O2F8H-] → 
C5O2F8H- + HO- 

Cα_1a -- -- -- -- 
Cα_1b -19.2 (19.7) -18.9 (24.9) -40.2 (-1.5) -47.5 (-34.8) 
Cγ -24.0 (21.0) -18.8 (27.5) -22.4 (17.9) -23.3 (-12.7) 
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Table A.4. Energetics for reaction coordinate for H-atom abstraction from water with PFBS 
dianions. Enthalpy corrected HF energies are shown (in kJ/mol) from B3LYP(SMD)/6-
311+G(2d,2p) level of theory, while values in parentheses are Gibbs free energy corrected values 
(in kJ/mol). Infinitely separated reactants are at 0.0 kJ/mol. 

 
H2O + C4F8SO32- → 
[C4F8SO3--H2O]2- 

[C4F8SO3--H2O]2- → 
[-OH--C4F8HSO3-] 

[C4F8HSO3--H2O]2- → 
[-OH--C4F8SO3-] 

[-OH--C4F8HSO3-] → 
C4F8HSO3- + HO- 

Cβ -17.1 (18.9) -10.6 (32.9) -12.6 (32.8) -17.2 (-4.7) 
Cγ -20.9 (16.7) -17.2 (25.6) -20.5 (19.3) -20.0 (-11.8) 

 

 

 
Figure A.18. Reaction Coordinate for the release of F− from PFPeA_0. The vibrational frequency 
was 142.38i and corresponded to C—F elongation and the rotation of the carboxylate into a more 
planar conformation. The values given in the inset table are in kJ/mol and were computed via the 
B3LYP(SMD)/6-311+G(2d,2p) method.  

 

A.4.  AEAs, VAEs, and Benchmarking of Linear Perfluoroalkanes (n-PFAs) 

 We repeated the early theoretical work of Paul et al. for the linear n-PFAs (C3-C8) with 

the M06-2X, B3LYP, and ωB97-XD functionals with 6-311+G(2d,2p) basis sets and expanded 

their study by investigating electron attachment to every unique position of each substrate. The 

gas phase results for the n-PFAs, showed the e− inserts into 𝜎𝐶−𝐹
∗  orbitals and formed stable 

intermediates with an elongated C—F bonds. Table A5 shows that all three methods can only 

qualitatively describe instantaneous electron attachment to the gas-phase n-PFAs with M06-2X 
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and ωB97-XD having the least of amount of error compared to the two experimental references. 

Table A5-S7 illustrate that the middle carbon is not always the most favorable position for electron 

attachment to gas-phase n-PFAs from the perspective of AEA. This behavior was not mentioned 

in previous publications from Paul et al.2  

 

Table A.5. Vertical attachment energies (VAE = dianion-radical at optimized anion geometry – 
optimized anion in eV) at three levels of theory shown using the 6-311+G(2d,2p) basis set in the 
gas phase. aGas phase B3LYP/DZP++ calculations from Paul et al.2 bfrom Hunter and 
Christophorou et al.3 cFrom Ishii et al.4 

 ωB97-XD B3LYP M06-2X Theo. 1a Exp. 1b Exp. 2c 
C3F8 -1.92 -1.24 -1.65 -1.03 -2.55 -3.34 
C4F10 -2.02 -1.40 -1.63 -0.92 -1.95 -2.37 
C5F12 -1.73 -1.19 -1.69 -0.85 -1.55 -1.64 
C6F14 -1.54 -1.03 -1.47 -0.63 -1.20 -1.20 
C7F16 -1.34 -0.66 -1.29 -0.53   
C8F18 -1.20 -0.50 -1.15 -0.36   

 

 

Figure A.19. Spin isodensity surfaces (isoval=0.0008) for A) C3F8 B) C4F10 C) C5F12 D) C6F14 E) 
C7F16 and F) C8F18.  
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Figure A.20. Aqueous vertical attachment energies of n-PFAs, n-PFxSs and n-PFxAs at the M06-
2X(SMD)/6-311+G(2d,2p) level.  
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Figure A.21. Aqueous vertical attachment energies of n-PFAs, n-PFxSs and n-PFxAs at the 
B3LYP(SMD)/6-311+G(2d,2p) level. 
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Figure A.22. AEA of n-PFAs using the ωB97-XD, B3LYP and M06-2X functionals with the 6-
311+G(2d,2p) basis sets showing electronic energies (open shapes) and ZPE corrected values 
(filled shapes). 
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Table A.6. Gas phase adiabatic electron affinities of linear n-PFAs computed at the ωB97-XD/6-
311+G(2d,2p) level for C3 to C8 chain lengths. a) Bottom-of-the-well (HF) energies, b) ZPE 
corrected electronic energies, c) Enthalpy corrected thermal and electronic energies, d) Gibbs free 
energy corrected values. 

a)       
  C3F8 C4F10 C5F12 C6F14 C7F16 C8F18 
C0  -0.86 -0.75 -0.58 -0.46 -0.37 
C1 -0.74 -0.68 -0.65 -0.64 -0.64 -0.63 
C2 -0.07 0.04 0.07 0.08 0.09 0.09 
C3   0.19 0.23 0.25 0.26 
C4     0.24 0.25 
       
b)       
  C3F8 C4F10 C5F12 C6F14 C7F16 C8F18 
C0 -- -0.67 -0.52 -0.35 -0.22 -0.14 
C1 -0.61 -0.54 -0.52 -0.50 -0.49 -0.49 
C2 0.06 0.18 0.20 0.21 0.22 0.23 
C3   0.32 0.35 0.38 0.38 
C4     0.37 0.38 
       
c)       
  C3F8 C4F10 C5F12 C6F14 C7F16 C8F18 
C0 -- -0.72 -0.56 -0.38 -0.26 -0.17 
C1 -0.67 -0.58 -0.55 -0.54 -0.53 -0.53 
C2 0.00 0.14 0.17 0.18 0.19 0.19 
C3   0.29 0.32 0.35 0.36 
C4     0.34 0.35 
       
d)       
  C3F8 C4F10 C5F12 C6F14 C7F16 C8F18 
C0 -- -0.55 -0.43 -0.28 -0.14 -0.05 
C1 -0.48 -0.47 -0.43 -0.44 -0.42 -0.42 
C2 0.17 0.25 0.26 0.29 0.32 0.29 
C3   0.37 0.39 0.41 0.43 
C4     0.43 0.44 
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Table A.7. Gas phase adiabatic electron affinities of linear n-PFAs computed at the B3LYP/6-
311+G(2d,2p) level for C3 to C8 chain lengths. a) Bottom-of-the-well (HF) energies, b) ZPE 
corrected electronic energies, c) Enthalpy corrected thermal and electronic energies, d) Gibbs free 
energy corrected values. 

a)       
  C3F8 C4F10 C5F12 C6F14 C7F16 C8F18 
C0 -- -0.44 -0.31 -0.11 0.05 0.18 
C1 -0.40 -0.32 -0.28 -0.26 -0.24 -- 
C2 0.26 0.41 0.41 0.42 0.43 0.44 
C3   0.53 0.56 0.60 0.60 
C4     0.58 0.59 
       
b)       
  C3F8 C4F10 C5F12 C6F14 C7F16 C8F18 
C0 -- -0.26 -0.07 0.14 0.30 0.42 
C1 -0.26 -0.18 -0.13 -0.10 -0.07 -- 
C2 0.39 0.53 0.54 0.56 0.57 0.57 
C3   0.66 0.70 0.72 0.73 
C4     0.71 0.73 
       
c)       
  C3F8 C4F10 C5F12 C6F14 C7F16 C8F18 
C0 -- -0.30 -0.10 0.10 0.26 0.39 
C1 -0.30 -0.22 -0.17 -0.14 -0.11 -- 
C2 0.36 0.50 0.51 0.52 0.53 0.54 
C3   0.63 0.66 0.69 0.70 
C4     0.68 0.69 
       
d)       
  C3F8 C4F10 C5F12 C6F14 C7F16 C8F18 
C0 -- -0.10 0.01 0.23 0.38 0.51 
C1 -0.20 -0.08 -0.06 -0.01 0.00 -- 
C2 0.45 0.61 0.61 0.64 0.63 0.64 
C3   0.71 0.75 0.77 0.79 
C4     0.76 0.78 
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Table A.8. Gas phase adiabatic electron affinities of linear n-PFAs computed at the M06-2X/6-
311+G(2d,2p) level for C3 to C8 chain lengths. a) Bottom-of-the-well (HF) energies, b) ZPE 
corrected electronic energies, c) Enthalpy corrected thermal and electronic energies, d) Gibbs free 
energy corrected values. 

a)       
  C3F8 C4F10 C5F12 C6F14 C7F16 C8F18 
C0 -- -0.93 -0.77 -0.59 -0.46 -0.37 
C1 -0.94 -0.89 -0.85 -0.84 -0.82 -0.82 
C2 -0.27 -0.14 -0.11 -0.10 -0.08 -0.07 
C3   0.05 0.08 0.12 0.14 
C4     0.11 0.12 
       
b)       
  C3F8 C4F10 C5F12 C6F14 C7F16 C8F18 
C0 -- -0.75 -0.55 -0.37 -0.24 -0.14 
C1 -0.80 -0.74 -0.71 -0.69 -0.68 -0.67 
C2 -0.14 0.00 0.03 0.04 0.05 0.06 
C3   0.17 0.21 0.24 0.26 
C4     0.24 0.25 
       
c)       
  C3F8 C4F10 C5F12 C6F14 C7F16 C8F18 
C0 -- -0.79 -0.58 -0.40 -0.27 -0.17 
C1 -0.84 -0.78 -0.74 -0.73 -0.71 -0.71 
C2 -0.18 -0.04 -0.01 0.01 0.02 0.03 
C3   0.14 0.18 0.22 0.23 
C4     0.21 0.22 
       
d)       
  C3F8 C4F10 C5F12 C6F14 C7F16 C8F18 
C0 -- -0.62 -0.48 -0.27 -0.15 -0.02 
C1 -0.73 -0.63 -0.63 -0.58 -0.62 -0.58 
C2 -0.06 0.09 0.11 0.15 0.14 0.15 
C3   0.23 0.30 0.30 0.33 
C4     0.28 0.32 
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A5.  Adiabatic Electron Affinities of Linear PFxAs and PFxSs 

 

 

 

 

 

Figure A.23. a) Comparison of AEA(aq.)s of α and the (next) most favorable attachment positions 
for PFxAs (black) and PFxSs (red). b) The relationship between experimental kapp values5 (UV-
Iodide) and theoretical AEAs for PFxAs and PFxSs. and All values are enthalpy and thermally 
corrected electronic energies obtained at ωB97-XD(SMD)/6-311+G(2d,2p).  
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Figure A.24. a) Comparison of AEA(aq.)s of α and the (next) most favorable attachment positions 
for PFxAs (black) and PFxSs (red). b) The relationship between experimental kapp values5 (UV-
Iodide) and theoretical AEAs for PFxAs and PFxSs. and All values are Gibbs free energy and 
thermally corrected electronic energies obtained at ωB97-XD(SMD)/6-311+G(2d,2p).  
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Figure A.25. Optimized geometries and total atomic spin density isosurfaces (isoval=0.0004) of 
the electron adducts via the direct method described in the manuscript for n-C3F8 (bottom), n-
C4F10, n-C5F12, n-C6F14, n-C7F16, n-C8F18 (top). 
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Figure A.26. Optimized geometries and total atomic spin density isosurfaces (isoval=0.0004) of 
the electron adducts via the direct method described in the manuscript for n-PFBA (bottom), n-
PFPeA, n-PFHxA, n-PFHpA, n-PFOA (top). 
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Figure A.27. Optimized geometries and total atomic spin density isosurfaces (isoval=0.0004) of 
the electron adducts via the direct method described in the manuscript for n-PFPrS (bottom), n-
PFBS, n-PFPeS, n-PFHxS, n-PFHpS, n-PFOS (top). 
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Table A.9. Adiabatic electron affinity (HF basis) computed at the ωB97-XD(SMD)/6-
311+G(2d,2p) level for all electron insertion products in C4 to C8 Perfluorocarboxylic acids.  

 PFBA PFPeA PFHxA PFHpA PFOA 
C1a 2.43 2.44 2.41 2.40 2.44 
C1b 2.44 2.44 2.44 2.44 2.44 
C2 2.28 2.32 2.28 2.28 2.28 
C3 1.91 2.36 2.35 2.35 2.35 
C4  1.97 2.40 2.41 2.39 
C5   1.99 2.44 2.43 
C6    1.99 2.46 
C7     2.00 

 

Table A.10. Adiabatic electron affinity (ZPE corrected) computed at the ωB97-XD(SMD)/6-
311+G(2d,2p) level for all electron insertion products in C4 to C8 Perfluorocarboxylic acids.  

 PFBA PFPeA PFHxA PFHpA PFOA 
C1a 2.55 2.56 2.52 2.52 2.55 
C1b 2.55 2.55 2.55 2.55 2.54 
C2 2.40 2.43 2.39 2.39 2.39 
C3 2.03 2.48 2.46 2.46 2.46 
C4  2.09 2.52 2.51 2.50 
C5   2.11 2.56 2.53 
C6    2.12 2.56 
C7     2.12 

 

Table A.11. Adiabatic electron affinity (ZPE, thermal and enthalpic corrected) computed at the 
ωB97-XD(SMD)/6-311+G(2d,2p) level for all electron insertion products in C4 to C8 
Perfluorocarboxylic acids.  

 PFBA PFPeA PFHxA PFHpA PFOA 
C1a 2.50 2.51 2.48 2.47 2.50 
C1b 2.51 2.51 2.51 2.50 2.51 
C2 2.35 2.40 2.35 2.35 2.35 
C3 1.98 2.44 2.43 2.43 2.43 
C4  2.04 2.48 2.48 2.47 
C5   2.06 2.52 2.50 
C6    2.07 2.53 
C7     2.08 
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Table A.12. Adiabatic electron affinity (Gibbs free energy corrected) computed at the ωB97-
XD(SMD)/6-311+G(2d,2p) level for all electron insertion products in C4 to C8 
Perfluorocarboxylic acids.  

 PFBA PFPeA PFHxA PFHpA PFOA 
C1a 2.67 2.66 2.64 2.67 2.63 
C1b 2.66 2.64 2.67 2.65 2.61 
C2 2.48 2.47 2.47 2.47 2.41 
C3 2.15 2.56 2.49 2.53 2.52 
C4  2.19 2.60 2.57 2.52 
C5   2.21 2.63 2.56 
C6    2.24 2.61 
C7     2.21 

 

Table A.13. Adiabatic electron affinity (HF basis) computed at the ωB97-XD(SMD)/6-
311+G(2d,2p) level  for all electron insertion products in C3 to C8 perfluorosulfonic acids.  

 PFPrS PFBS PFPeS PFHxS PFHpS PFOS 
C1 2.33 2.30 2.33 2.32 2.32 2.32 
C2 2.34 2.30 2.33 2.27 2.32 2.33 
C3 1.95 2.38 2.39 2.37 2.36 2.37 
C4  1.98 2.42 2.42 2.40 2.40 
C5   1.99 2.43 2.44 2.43 
C6    2.00 2.44 2.46 
C7     2.00 2.45 
C8      2.01 

 

Table A.14. Adiabatic electron affinity (ZPE corrected) computed at the ωB97-XD(SMD)/6-
311+G(2d,2p) level  for all electron insertion products in C3 to C8 perfluorosulfonic acids.  

 PFPrS PFBS PFPeS PFHxS PFHpS PFOS 
C1 2.43 2.41 2.43 2.43 2.42 2.42 
C2 2.47 2.41 2.44 2.38 2.43 2.44 
C3 2.07 2.50 2.50 2.48 2.47 2.49 
C4  2.10 2.53 2.53 2.51 2.50 
C5   2.11 2.55 2.55 2.54 
C6    2.12 2.56 2.57 
C7     2.12 2.56 
C8      2.12 
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Table A.15. Adiabatic electron affinity ((ZPE, thermal and enthalpic corrected) computed at the 
ωB97-XD(SMD)/6-311+G(2d,2p) level  for all electron insertion products in C3 to C8 
perfluorosulfonic acids.  

 PFPrS PFBS PFPeS PFHxS PFHpS PFOS 
C1 2.39 2.37 2.39 2.38 2.38 2.39 
C2 2.42 2.37 2.41 2.35 2.40 2.41 
C3 2.03 2.46 2.47 2.45 2.44 2.45 
C4  2.06 2.50 2.50 2.48 2.47 
C5   2.07 2.51 2.52 2.51 
C6    2.08 2.52 2.54 
C7     2.08 2.53 
C8      2.08 

 

Table A.16. Adiabatic electron affinity (Gibbs free energy corrected) computed at the ωB97-
XD(SMD)/6-311+G(2d,2p) level for all electron insertion products in C3 to C8 perfluorosulfonic 
acids.  

 PFPrS PFBS PFPeS PFHxS PFHpS PFOS 
C1 2.50 2.49 2.54 2.57 2.51 2.49 
C2 2.55 2.48 2.50 2.43 2.48 2.48 
C3 2.16 2.58 2.52 2.53 2.48 2.54 
C4  2.19 2.59 2.59 2.55 2.54 
C5   2.21 2.65 2.60 2.59 
C6    2.20 2.65 2.61 
C7     2.20 2.62 
C8      2.19 

 

Table A.17. Thermodynamic comparison of the AEAs ‘complexed’ C1a and C1b isomers for C4 
to C8 perfluorocarboxylic acids computed at the ωB97-XD(SMD)/6-311+G(2d,2p) level. AEAs 
in first two sections are given in eV, while the energy difference between the two isomers is given 
in kJ/mol. 

 C1a C1b C1b-C1a 
  HF ZPE H  G HF ZPE  H G ΔHF ΔZPE ΔH ΔG 
PFBA 2.43 2.55 2.50 2.67 2.44 2.55 2.51 2.66 -0.8 -0.5 -0.5 0.5 
PFPeA 2.44 2.56 2.51 2.66 2.44 2.55 2.51 2.64 -0.1 0.3 0.1 1.4 
PFHxA 2.41 2.52 2.48 2.64 2.44 2.55 2.51 2.67 -3.1 -3.0 -2.8 -3.1 
PFHpA 2.40 2.52 2.47 2.67 2.44 2.55 2.50 2.65 -3.5 -2.6 -3.0 1.6 
PFOA 2.44 2.52 2.50 2.63 2.44 2.54 2.51 2.61 2.1 0.3 -0.1 2.1 
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Table A.18.  Thermodynamic comparison of the AEAs ‘non-complexed’ (i.e., infinitely separated) 
C1a and C1b isomers for C4 to C8 perfluorocarboxylic acids computed at the ωB97-XD(SMD)/6-
311+G(2d,2p) level. AEAs in first two sections are given in eV, while the energy difference 
between the two isomers is given in kJ/mol. 

 C1a C1b C1b-C1a 
  HF ZPE H G HF ZPE H G ΔHF ΔZPE ΔH ΔG 
PFBA 2.44 2.57 2.52 2.95 2.45 2.57 2.53 2.94 -1.2 -0.6 -0.9 0.5 
PFPeA 2.42 2.54 2.50 2.91 2.46 2.58 2.54 2.95 -3.8 -3.5 -3.5 -4.1 
PFHxA 2.41 2.53 2.49 2.91 2.45 2.58 2.53 2.97 -4.6 -4.5 -4.4 -6.3 
PFHpA 2.41 2.53 2.49 2.91 2.45 2.58 2.53 2.96 -4.6 -4.2 -4.3 -4.5 
PFOA 2.41 2.53 2.49 2.91 2.45 2.58 2.53 2.94 -4.7 -4.2 -4.4 -2.5 

 

A.6.  Molecular Orbitals of n-PFAs, n-PFxS and n-PFxAs 

 Orbital images (MOisoval=0.04) are provided for the highest occupied molecular orbitals 

and the first three lowest unoccupied orbitals in the .zip folder provided. Table A19 shows the 

energies of each orbital for every linear substrate we investigated at each level of theory specified 

in the computational methods section.  

Table A.19. Eigenvalues (a.u.) of the HOMO, LUMO, LUMO+1 and LUMO+2 orbitals at the 
ωB97-XD/B3LYP/M06-2X(SMD)/6-311+G(2d,2p) level for all anionic n-PFAAs and neutral n-
PFAs. 

    M06-2X wB97-XD B3LYP 

 HOMO LUMO LUMO+1 LUMO+2 HOMO LUMO LUMO+1 LUMO+2 HOMO LUMO LUMO+1 LUMO+2 

C3F8 -0.4544 0.0181 0.0354 0.0357 -0.4686 0.0762 0.0885 0.0914 -0.3888 0.0076 0.0168 0.0233 

C4F10 -0.4464 0.0188 0.0284 0.0298 -0.4548 0.0770 0.0780 0.0801 -0.3790 -0.0033 0.0003 0.0112 

C5F12 -0.4376 0.0166 0.0238 0.0255 -0.4469 0.0673 0.0725 0.0794 -0.3718 -0.0139 -0.0092 0.0116 

C6F14 -0.4309 0.0173 0.0181 0.0209 -0.4405 0.0599 0.0686 0.0774 -0.3659 -0.0222 -0.0132 0.0105 

C7F16 -0.4273 0.0150 0.0184 0.0190 -0.4363 0.0544 0.0655 0.0774 -0.3622 -0.0279 -0.0168 0.0083 

C8F18 -0.4239 0.0131 0.0159 0.0179 -0.4332 0.0490 0.0633 0.0773 -0.3591 -0.0330 -0.0187 0.0033 

PFBA -0.3444 0.0222 0.0324 0.0366 -0.3578 0.0683 0.0798 0.0897 -0.2762 -0.0114 0.0147 0.0167 

PFPeA -0.3443 0.0189 0.0293 0.0325 -0.3574 0.0643 0.0797 0.0842 -0.2767 -0.0155 0.0040 0.0161 

PFHxA -0.3442 0.0197 0.0223 0.0268 -0.3573 0.0601 0.0756 0.0787 -0.2766 -0.0200 -0.0041 0.0115 

PFHpA -0.3442 0.0169 0.0217 0.0238 -0.3572 0.0577 0.0702 0.0788 -0.2766 -0.0229 -0.0106 0.0055 

PFOA -0.3436 0.0172 0.0186 0.0215 -0.3571 0.0534 0.0665 0.0770 -0.2767 -0.0278 -0.0146 0.0002 

PFPrS -0.3561 0.0203 0.0318 0.0347 -0.3653 0.0755 0.0816 0.0863 -0.2862 -0.0246 -0.0089 0.0062 

PFBS -0.3560 0.0182 0.0289 0.0305 -0.3653 0.0700 0.0792 0.0815 -0.2849 -0.0076 0.0001 0.0124 

PFPeS -0.3559 0.0186 0.0225 0.0254 -0.3652 0.0650 0.0734 0.0768 -0.2848 -0.0161 -0.0065 0.0104 

PFHxS -0.3559 0.0165 0.0216 0.0221 -0.3652 0.0588 0.0702 0.0767 -0.2848 -0.0225 -0.0111 0.0100 

PFHpS -0.3561 0.0171 0.0177 0.0207 -0.3652 0.0532 0.0671 0.0760 -0.2848 -0.0281 -0.0143 0.0078 

PFOS -0.3560 0.0141 0.0178 0.0186 -0.3652 0.0492 0.0646 0.0756 -0.2837 -0.0263 -0.0114 0.0073 
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