


perfluoroalkanes (PFAs) has been investigated using computational

methods in the literature. Jang et al. determined electrostatic repul-

sion, not van der Waals forces, between fluorine atoms as the source

of these helical conformations.13 Contrary to this, Cormanich et al.

cited hyperconjugation as the origin in longer chain PFAs, by analyzing

natural bond orbitals (NBOs) and determining energetic stabilization

through σC C donation of electron density to σ*C F orbitals.
14

Although it is valuable to establish the source of helicity from a

fundamental perspective, this work focuses on how the helical struc-

ture of PFAS, which may dictate molecular properties, is impacted by

various structurally relevant factors. This study systematically

explored the conformational distributions of PFAs compared to their

hydrocarbon analogues. The distributions of PFAs were then com-

pared to those with different polar headgroups and heteroatoms.

These factors are of interest since PFOA and PFOS contain carboxyl-

ate and sulfonate functional groups, respectively, alternatives for

PFAS such as GenX™ contain oxygen heteroatoms, and radicals would

likely form during oxidative degradation pathways.7,15 It is important

to understand the dependence of PFA conformational distributions by

different factors to elucidate how helicity attenuates or strengthens,

which may impact the fate and transport of PFAS in the environment.

2 | COMPUTATIONAL METHODS

Density functional theory (DFT) calculations were carried out using

Gaussian09.d software package.16 All molecular geometries were

optimized and scanned using Becke's three-parameter correlation

functional with Lee�Yang�Parr exchange functional (B3LYP)17–19

with the 6-31+G(d,p) basis set. The stationary points obtained

through these calculations were characterized as minimum energy

structures or transition states by the presence of zero or one imagi-

nary vibrational modes, respectively. We determined this level of the-

ory was appropriate to probe helical conformations when compared

to others with a higher exchange and empirical dispersion corrected

functionals (see Table S1). Relaxed potential energy scans were used

to compute the conformational energy of all optimized structures by

rotating the central F C C F dihedral angle in 10� increments. All

calculations were performed in the gas phase, except where the solu-

tion phase is noted. Where the solution phase calculations were per-

formed, implicit water solvation was modeled using solvation model

based on density (SMD) methodology.20

3 | RESULTS AND DISCUSSION

3.1 | Conformational distributions of PFAs

It is well known that the most stable structures of C2 to C6 hydrocar-

bons exist in all trans conformations.12 In contrast, beginning at a C4

PFA, the minimum energy (most stable) conformations are helical,

characterized by the torsional twist of the central F C C F or

C C C C dihedral angle as shown in Figure 1. Using the F C C F

dihedral angle, we probed the differences of conformational distribu-

tions of C2 to C6 PFAs and their hydrocarbon analogues by analyzing

their potential energy surface (PES) scans. Shown in Figure 1, the PES

scans for C2 and C3 PFAs are similar to their alkane analogues with

respect to anti (180�, minimum energy) and eclipsed (0�, maximum

energy) conformations. However, the dihedral angle of the minimum

energy structures of C4 to C6 PFAs shifts to 168� from the 180�

observed in their alkane analogues, consistent with literature.10,11,13

The differences in torsional twist of C2 and C3 PFAs compared to C4,

F IGURE 1 Potential energy surface (PES) scans of C2–C6 (A) hydrocarbons, and (B) PFAs as calculated using B3LYP/6-31+G(d,p) level of
theory.
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C5, and C6 can be qualitatively observed in Figure S1B. Thus, helicity

begins at a C4 PFA.

The extra minima and maxima in the C4 PFA PES are confirmed

by the PES scan with a smaller step size (Figure S1A). The same results

(extra minima/maxima and dihedral angle shift) are observed when

the central C C C C dihedral angle was used for the scan in place

of the central F C C F dihedral angles (Figure S2). In addition, the

helical nature is not impacted by dispersion corrections in the level of

theory (calculated using the ωB97XD functional) (Figure S3). The

causes for helical conformations have been debated in the literature,

due to both F F repulsive interactions (in short chain PFAs) as well as

hyperconjugative interactions (in longer chain PFAs).13,14 This report,

however, does not focus on the source of helicity, but rather looks at

the impact of polar head groups, heteroatoms, radicals, and redox pro-

cesses on the helical conformations. The PESs shown in Figure 1 serve

as a benchmark for a comparison with other relevant PFAS and asso-

ciated intermediates discussed in the subsequent sections.

3.2 | Conformational distributions and locality of

helicity

To understand how helicity depends on different dihedral angles (D),

PES scans were produced against the three F C C F dihedral angles

for C6 PFAs, shown in Figure 2. The C6 PFA was chosen since it had

the greatest torsional twist and thus the most prominent helical

nature. Figure 2 shows that helicity is characterized locally and is

dependent on the dihedral angle chosen. Since the PES of the terminal

F C C F (D1) appears more like that of C3H8, which is not helical,

the helical nature of C6F14 is not captured when the first dihedral is

analyzed. Therefore, dihedral angle D1 would not be a representative

choice to describe the helicity of the C6 PFA. The conformational dis-

tribution of D2 followed the same trend as that of D3 with respect to

the number of observed peaks and the shift in the dihedral angle of

the most stable conformation from �180� (�162� for D2 and �165�

for D3). Therefore, helicity is a local attribute of PFAs, and dihedral

angles chosen at or closer to the center of the molecule for the scan

effectively characterize the helical nature of the molecule.

The locality of helicity was further examined in C4 to C7 PFAs by

comparing the change in energy of the helical conformations with the

trans conformation in which the central F C C F dihedral angle is

fixed at 180�. Shown in Table S2a, as chain length increases the ener-

getic separation between the helical and trans structures increases,

indicating that helicity will be stabilized in the middle of the chain and

thus less prone to degradation at the center. Furthermore, the Boltz-

mann distribution ratios in Table S2b demonstrate that the ground

state helical conformations would likely be even more prominent at

room temperature than the all-trans configuration (all dihedral angles

were fixed at 180�). Thus, as chain length increases, the helical confor-

mation exclusively becomes the dominant structure (99.9% of confor-

mations would prefer to adopt helicity for C7 PFA). Therefore, even

with head groups such as carboxylates and sulfonates, which would

only be on one side of the chain, these groups will likely not affect the

locality of helicity. Instead, helicity is a local attribute based on chain

length. Nevertheless, these functional groups are relevant regarding

the two most widely discussed PFAS (PFOA and PFOS), and the

impact of these groups is discussed further in the next section.

3.3 | Conformational distributions of PFAs with

head groups

We probed the impact of polar head groups on helicity with perfluor-

oalkyl carboxylates (PFCAs) and perfluoroalkyl sulfonates (PFSAs),

since these have been two of the most widely discussed classes of

PFAS.4 For PFCAs, the atom number refers to the total number of

fluorinated carbons in the molecule, excluding the carbon of the car-

boxylic group. For example, C7 PFCA is a C6 PFA with a carboxylic

acid head group ( CO2H). Shown in Figure S4A for comparison, C3 to

C7 alkyl carboxylic acid molecules do not exhibit helicity due to their

all trans (180�) minimum energy structures. The PES plots of proton-

ated PFCAs (Figure 3A) mirror the number of maxima and minima as

F IGURE 2 Potential energy
surfaces of C6 PFA scanning three
different F C C F dihedral angles.
D1 represents the terminal
F C C F dihedral, D2 represents
the F C C F between the terminal
and central dihedral angles, and D3
represents the central F C C F
dihedral.
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well as torsional twist of the minima of their corresponding PFAs

(Figure 1B). PFCAs exhibit helical nature beginning at a four-carbon

chain (C5 PFCA) due to the 165� dihedral angle of the lowest energy

structure. This shows that the helicity does not change due to the

incorporation of a polar carboxylic head group.

It is important to note that the pKa of PFCAs is significantly low

and has been a subject of debate in the literature.21,22 Nevertheless,

at environmentally relevant conditions, PFCAs will be deprotonated.5

As a result, helical conformations of deprotonated PFCAs were also

explored in the gas and the solution phase (Figure 3B,C, respectively).

These PFCAs were found to exhibit similar conformational distribu-

tions as their protonated forms, with slightly less energetic barriers for

conformational changes. Similar conformational results were also

observed for protonated PFSAs in the gas phase and unprotonated

PFSAs in the gas and the solution phase (Figure S5). Therefore, heli-

city is not significantly affected by these protonated or unprotonated

functional groups and is purely a result of the perfluoroalkyl chain.

3.4 | Conformational distributions of PFAs with

heteroatoms

To replace environmentally persistent perfluoroalkyl acids, perfluor-

oalkyl ethers (PFAEs) such as GenX were devised, which contain an

oxygen heteroatom.23,24 We probed how helical conformations may

be impacted by the placement of various heteroatoms, by computing

the PES scans of C2 to C6 PFAS with oxygen, sulfur, and selenium,

named O PFAs, S PFAs, and Se PFAs, respectively. We refer to a

molecule such as CnF2n+1 X CmF2m+1 as n X m, where X could

be O, S, or Se, and n and m refer to the number of carbons on each

side of the heteroatom. For example, CF3 CF2 CF2 O CF2 CF3

and CF3 CF2 S CF3 will be referred as 3 O 2 and 2 S 1,

respectively.

As shown in Figure 4A, PES plots for these compounds differed

slightly from their PFA analogues, namely a noticeable widening of

rotational barriers. The dihedral angle of molecule 1 O 1 shifted

F IGURE 3 Potential energy surface plots of C3–C7 PFCAs (A) protonated in the gas phase, (B) unprotonated in the gas phase, and
(C) unprotonated using implicit water solvation. All results scanned the central F C C F dihedral angle. The atom number (i.e., C7) refers to the
total number of carbons in the molecule.

F IGURE 4 Conformational distribution plots of PFAs with (A) oxygen, (B) sulfur, and (C) selenium heteroatoms, with their 1 X 2 alkane
analogue (where X = O, S, or Se) for comparison.
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from 180� for H C O C, to 166� for F C O C, suggesting helical

conformations are adopted in PFAEs with a backbone of three atoms

(one heavy), contrary to the adoption of helicity in PFAs with a chain

length of four carbons. The comparison of the distribution of 1 O 2

with that of its hydrogen analogue further indicates the adoption of

helicity in a PFAE chain length of four atoms since the PES of 1 O 2

shows extra minima and maxima in addition to the shift in the dihedral

angle (Figure 4A). As the chain length increases (and the oxygen is

kept in the same position), the rotational barriers widen but remain

relatively the same energetically. At higher temperatures, this widen-

ing may allow for greater accessibility of intermediate conformations,

which has implications in reduction–oxidation and elimination degra-

dation mechanisms.

A similar but smaller shift in the dihedral angle of the most stable

structure of molecule 1 S 1 (dihedral angle = 174�) was observed

(Figure 4B). Similar to 1 O 1, the deviation of the dihedral angle

from 180� also indicates that 1 S 1 begins to adopt helicity. How-

ever, the lower degree of helicity in 1 S 1 was attributed to the

larger size of sulfur (1.89 Å van der Waals radius) compared to an oxy-

gen atom (1.50 Å van der Waals radius). As chain length increases, the

extra minima and maxima of the conformational distributions of PFAs

with sulfur heteroatoms are lower in energy compared to that of the

oxygen heteroatoms. This may be due to stabilization from the larger

p orbitals in sulfur than in oxygen, due to hyperconjugative interac-

tions, making molecular rotations more feasible.25

The PES scans of PFAs with a selenium heteroatom (1 Se 2,

1 Se 3, and 1 Se 4) show that there is no chain length depen-

dence on helicity (Figure 4C). Overall, these rotational barriers are

lower in energy than the PES scans of PFAs containing sulfur and oxy-

gen heteroatoms. Selenium also caused a significant disruption in the

conformational distribution, shown by a shift in the F C Se C dihe-

dral angle of the most stable structure of 1 Se 3 to 148� (Figure S6).

Longer bond lengths between the α carbon (Figure S1, inset) and sele-

nium atom may distort the most stable conformation, allowing more

rotational freedom of the methyl group. This reduces torsional twist,

compared to PFAs with an oxygen heteroatom, which due to its smal-

ler size, results in a shorter bond length and less mobility.

3.5 | Conformational distributions of radical PFAs

Perfluoroalkyl radicals (RPFAs) are intermediates during both oxi-

dative and reductive degradations (Scheme S1).7,15 Therefore, we

calculated the PES scans of C4 to C6 RPFAs to evaluate their heli-

cal conformations and compare them against their PFA analogues.

Probing helical conformations of RPFAs is more complex than

PFAs, since RPFAs may undergo 1,2-F atom shifts, causing the

formation of more isomers of RPFAs.26 For example, C4 RPFAs

can have the chemical structures CF3CF2CF2 _CF2 and

CF3CF2 _CFCF3 , which are referred as α-C4RPFA and β-C4RPFA

(Figure S1, inset).

The most notable result of the PES scan of α-C4RPFA

(Figure 5A), compared to its parent PFA analogue, showed elimina-

tion of the peak at �80� in the C4 PFA PES (Figure 1). Because it is

well known that alkanes adopt all-trans structures, the similarity

between the potential energy scans of this RPFA with its hydrogen

analogue indicated that the α-C4RPFA does not adopt a helical con-

formation. Comparison of the PES of C5 and C6 RPFAs with an α

site radical showed similar rotational energy barriers and the same

number of minima and maxima, and thus a retention of helicity

(Figure 5B,C).

However, radical introduction at the β site for both C5 and C6

RPFAs show a loss in helicity, attributed to both the shift in the dihe-

dral angle of the most stable conformation from �165� back to

�180�, as well as the loss of the extra minima and maxima in the con-

formational distribution (Figure 5B,C). Shown in Figure S7, the PES

scan of β-C5RPFA looks remarkably similar to its alkane analogue.

Therefore, as the radical is introduced closer to the center of the mol-

ecule, helicity becomes disrupted and other conformations may

become more energetically accessible.

F IGURE 5 Potential energy surface scans for (A) C4, (B) C5, and (C) C6 RPFAs.
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4 | CONCLUSIONS

This study reports the conformational distributions of short-chain

(C2 to C6) PFAs containing polar head groups (CO2H, CO2
�, SO3H,

and SO3
�), heteroatoms (oxygen, sulfur, and selenium) and radicals at

various sites in C4 to C6 PFAs to determine the impact of these fac-

tors on the helical nature. The calculations show that helicity is

adopted at a chain length of four carbons in PFAs, with a shift in the

dihedral angle of the lowest energy conformer at 168�, consistent

with literature. Their conformational distributions are not affected by

long-range dispersion corrections. The central F C C F dihedral

angle chosen for the scan shows helicity is a local characteristic within

the molecule. Furthermore, helicity is not significantly affected by pro-

tonated or unprotonated functional groups and is instead a direct

result of the perfluorinated chain. The addition of heteroatoms widens

rotational barriers, however, larger atoms such as selenium signifi-

cantly distort the lowest energy conformation, compared to oxygen

and sulfur which do not. Our work also demonstrates that a radical

positioned at the β site in the C5RPFA breaks helicity, shown by the

similarity in its conformational distribution to its non-helical alkane

analogue. Therefore, more conformations may become more energeti-

cally accessible, which is important for degradation mechanisms

involving radical intermediates. Future work is needed to understand

the theoretical origins of these helical conformations and determine if

the helicity of PFAS can be directly correlated to the robust properties

of these molecules.
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