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Abstract

Understanding the bond dissociation energies (BDEs) of per- and polyfluoroalkyl substances (PFAS) bonds
helps in devising their efficient degradation pathways. However, there is only limited experimental data on the
PFAS BDEs, and there are uncertainties associated with the BDEs computed using density functional theory.
Although quantum chemical methods like the G4 composite method can provide highly accurate BDEs (< 1
kcal mol™), they are limited to small system sizes. To address DFT's accuracy limitations and G4's system size
constraints, we examined the connectivity-based hierarchy (CBH) scheme and found that it can provide BDEs
that are reasonably close to the G4 accuracy while retaining the computational efficiency of DFT. To further
improve the accuracy, we modified the CBH scheme and demonstrated that BDEs calculated using it have a
mean-absolute deviation of 0.7 kcal mol” from G4 BDEs. To validate the reliability of this new scheme, we
computed the ground state free energies of seven PFAS compounds and BDEs for 44 C—C and C—F bonds at
the G4 level of theory. Our results suggest that the modified CBH scheme can accurately compute the BDEs
of both small and large PFAS at near G4 level accuracy, offering promise for more effective PFAS
degradation strategies.

Environmental implication

Effective PFAS mitigation demands advanced degradation strategies. The complete degradation of PFAS
includes the dissociation of several C—C and C-F bonds, whose bond dissociation energies (BDEs) change
with the surrounding chemical environment. However, the experimental BDEs for most PFAS bonds are
unavailable, and are even hard to obtain. Our method achieves near-chemical accuracy in BDEs at DFT cost,
facilitating routine studies on diverse PFAS in both gas and solution phases. Using accurate BDEs, feasible
degradation mechanisms for all classes of PFAS compounds can be obtained. Therefore, our study offers a
crucial tool for comprehensive environmental remediation efforts.
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Introduction

Per- and poly-fluoroalkyl substances (PFAS) are man-made pollutants that are ubiquitous in the environment.
Due to the presence of strong C—F bonds, these chemicals have widespread usage in various industries such as
semiconductors, clothing, non-stick cookware, automotive, and aviation industries."* At the same time, the
presence of C—F bonds makes PFAS environmentally persistent. Moreover, since these chemicals are
anthropogenic, biological enzymes are not evolved to degrade them naturally. Consequently, consumption of
PFAS-contaminated drinking water will lead to the accumulation of PFAS in living organisms, including
humans.>” Toxicological data provides evidence for their presence in various organs of the human body,
leading to many pathological diseases, including cancer.’ Although advanced oxidation and reduction
processes are able to degrade these pollutants to some extent, complete degradation is rarely observed.®”’
Therefore, it is crucial to invent novel PFAS degradation strategies to maintain a safe environment.

It is well-known that the knowledge of bond dissociation energies (BDEs) is crucial in identifying the
dominant pathways in combustion, organic synthesis planning, polymer degradation, and drug
metabolism.'®"” Similarly, for designing novel degradation strategies of PFAS, understanding the BDEs of
various PFAS bonds is essential. The complete degradation of PFAS includes the dissociation of several C—C
and C-F bonds, whose BDEs change with the surrounding chemical environment. Therefore, it is crucial to
understand the BDEs of C—C and C-F bonds in various PFAS, for their efficient degradation. Despite their
importance, except for a few cases, the experimental BDE values for most of the PFAS bonds are unavailable,
and they are even hard to obtain.'!” For these reasons, in this work, we aim to obtain accurate BDEs of
various PFAS bonds using first-principle calculations.

In general, the BDE of a bond is obtained by computing the differences in the ground state free
energies (GSFEs) of the dissociated fragments and the original molecule (i.c., the free energy of the products
minus the reactants). The generally accepted procedure to calculate the BDEs includes employing density
functional theory (DFT) with a reasonable functional and basis set. However, the major problem with such an
approach is that the calculated BDEs vary with both functional and basis sets. In fact, the differences in the
predicted BDEs can go as high as 20 kcal mol”, questioning the reliability of such numbers.**** To
circumvent the accuracy issues of DFT, “quantum chemistry composite methods” like G4* or correlation
consistent composite approach (ccCA)** can be employed. These methods are benchmarked against the
existing thermodynamic data and are known to provide accurate BDEs with near chemical accuracy (< 1 kcal
mol ™). However, the issue with these composite methods is that they need substantial computational resources
and cannot be used to study even molecules of moderate sizes (~ 50-100 atoms). To alleviate the problems
with both DFT and composite methods, several fragment-based approaches were proposed,”* where
accurate ground-state energies of parent molecules are estimated based on the accurate energies of the
individual fragments comprising the molecule.
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Among the fragment-based approaches, the connectivity-based hierarchy (CBH) approach,™
developed by Raghavachari's group, has acquired significant attention due to its ability to deliver remarkable
accuracy in calculating several thermodynamic properties.'**** Briefly, in the CBH scheme, the large
molecule is divided into several small fragments, and their ground state free energies (GSFEs) are computed
at both the DFT and G4 levels of theories. The difference in these energies is considered as the correlation
energy of the fragment. The accurate GSFE of a large molecule (for which the G4 calculations are
prohibitive) is estimated by summing the “GSFE obtained using DFT” and the “correlation energies of all
fragments” (see Equation 1). Notably, the accuracy of the GSFE estimated in this manner is dependent on the
level of fragmentation, also known as the CBH rung, where a higher rung generally yields better accuracy
since it retains the exact hybridization at all heavy atom centers (additional details of the CBH rungs are given
in the methodology section). It is important to note that while using the CBH scheme, the valency of the
generated fragments is satisfied with hydrogen atoms. Here, the original authors used hydrogen atoms since
they were mainly focusing on hydrocarbons. However, in PFAS, the majority of the C—H bonds are replaced
with the C—F bonds (see Figure 1). Therefore, it might be beneficial to satisfy the valence of the carbon atoms
of the PFAS fragments with the fluorine atoms instead of the hydrogen atoms. Moreover, such a modification
also helps to preserve the chemical environment of the parent PFAS molecule to a larger extent. We call this
new scheme where the fluorine atoms are not considered as heavy atoms as the “modified CBH (mCBH)
scheme.” Similar to the CBH scheme, the accuracy of the GSFE estimated using the mCBH scheme also
depends on the level of fragmentation (mCBH rungs). Since both the CBH and mCBH schemes can be used
to calculate the GSFEs of large molecules, in this work, we evaluated the potential of these schemes in
determining the GSFEs and BDEs for a range of PFAS molecules.
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Figure 1: Optimized geometries of perfluorobutanoic acid (PFBA), perfluoropentanoic acid (PFPeA),
perfluorohexanoic acid (PFHxA), perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid (PFOA),
perfluorobutanesulfonic Acid (PFBS), perfluoropentanesulfonic Acid (PFPeS), perfluorohexanesulfonic
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Acid (PFHxS), perfluoroheptanesulfonic Acid (PFHpS), and perfluorooctanesulfonic Acid (PFOS). All the
geometries were optimized at the B3LYP/6-31G(2df,p) level of theory.

To assess the accuracy of these schemes, we compared the GSFEs computed using both CBH and
mCBH schemes with those obtained at the G4 level of theory across ten representative PFAS molecules (see
Figure 1 and Table S1). Of these, five (PFBA, PFPeA, PFHxA, PFHpA, and PFOA) are perfluorocarboxylic
acids (PFCAs), and the other five (PFBS, PFPeS, PFHxS, PFHpS, and PFOS) are perfluorosulfonic acids
(PFSAs), with carbon chain lengths varying between four to eight. Further, while using the CBH and mCBH
schemes, we considered four different exchange-correlation functionals, namely, PBE, B3LYP, M062X, and
BHandHLYP. For examining the BDEs' accuracy, we considered 46 bonds within these PFAS molecules and
compared the BDEs calculated using the CBH and mCBH schemes with those derived from the G4-level
theory. Based on our results, we will show that when combined with M062X or B3LYP functionals, the
mCBH scheme can yield GSFEs and BDEs that closely align with their G4 counterparts, with mean absolute
deviations less than 1 kcal mol™.

Methodology

The connectivity-based hierarchy scheme is a chemically intuitive approach for estimating accurate GSFEs of
large molecules without performing computationally intensive calculations using the G4 method.” For a
complete overview of the scheme and its applications, please read the articles by Raghavachari and
co-workers.'>**3? Below we briefly described this scheme to enable the reader to compute the GSFEs and
BDEs of any PFAS molecule, i.c., other than the ones considered in this study. The scheme essentially
consists of three steps: (a) First, the ground state free energy of the full molecule is calculated using DFT,
Eprr(full). As noted earlier, the Eppr(full) is not completely accurate since DFT does not include all the
necessary correlations. (b) Next, the correlation energy is estimated. For this, the large molecule is divided
into smaller fragments, and their energies are computed using both G4 and DFT methods, here represented as
Eg4(i) and Epg(i), with ‘i’ being the fragment index. Since the large molecule is fragmented into smaller
pieces, performing high-level theory calculations on these fragments is feasible. Moreover, since the energies
of each fragment at both G4 and DFT levels are known, we can easily calculate the correlation energy for
each fragment, which is simply the difference between the G4 and DFT energies, i.e., Eq (i) — Eppr(i). Next,
the total correlation energy (A4CBH,,,,) is estimated as the sum of the correlation energies of individual
fragments. (c) Finally, the total correlation energy is added to the DFT-calculated energy to estimate the
energy of the large molecule at the G4 level of theory, Eq,(full). Mathematically,
EG4(full) - E (ful) = Z EG4(i) - Z E ..() = ACBH
L l

corr

= EG4(full) ~ EDFT(full) + ACBH (1)

The accuracy of the Egs,(full) calculated using the above approach depends on the level of
fragmentation, i.e., whether we fragment the entire molecule into simple atoms or bonds or an atom and its
immediate neighbors or a bond and its immediate neighbors, and so on. These different fragmentation
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schemes are often termed different rungs of the CBH scheme and are named CBH-0, CBH-1, etc. Generally,
higher rungs provide better accuracies due to the retention of the exact chemical environment at the atomic
centers. In a recent work on biodiesel methyl esters,'? it has been demonstrated that the BDEs obtained at the
CBH-2 rung show a mean absolute deviation of about 1.3-1.5 kcal mol™, and when using CBH-3 rung, the
deviation goes below 1 kcal mol™'. Considering these results and with the aim of obtaining accurate BDEs, we
used the CBH-3 rung in all our calculations. Similarly, while using the mCBH scheme, we used the mCBH-3
rung.

For the sake of completeness, below, we considered the perfluoropentanoic acid (PFPeA) molecule
(see Scheme 1) as an example and illustrated the process of generating fragments at the CBH-3 and mCBH-3
rungs. The process and the resulting fragments are also illustrated in Table S2. We chose PFPeA since it is
one the smallest PFAS molecules possessing all the challenges that we generally meet while constructing the
CBH/mCBH rungs (for example, the terminal moiety cancellation to avoid over-counting and addition of
molecules on the reactant side, etc.).”®** The same procedure can be extended to construct the fragments of
any other PFAS.

Construction of fragments at CBH-3 rung for PFPeA: At this rung, the large molecule is divided into
fragments based on the bonds between heavy atoms (non-hydrogen atoms). A fragment is formed by
considering the “bond-forming” heavy atoms and their immediate heavy atomic neighbors. The inclusion of
immediate neighbors ensures that the atomic environment of the parent molecule is largely preserved.

Furthermore, to maintain the correct valency, an appropriate number of hydrogen atoms are added to the
generated fragments. Below, we illustrated these steps for generating the CBH-3 fragments of the PFPeA
molecule (see Scheme 1).

kR B g
g greron

Scheme 1: Schematic diagram of perfluoropentanoic acid (PFPeA)

First, note that PFPeA contains one C-O, one C=0, four C-C (C,—C,, C,—C,, C—C,, and C;~C,), and
nine C-F (C,—F,/F,, C—F/F,, CF./F;, and C—F,/F/F,) heavy atomic bonds. Let us start with the C,-O,
bond. For this bond, the immediate heavy atom neighbors of the “C,” atom are C,, O,, and O,, and the “O,”
atom does not have any heavy atom neighbors apart from C, (the other bond is with H). As such, before
satisfying the valence, the complete fragment that we should consider at the CBH-3 rung for the C,—O, bond
is —C,—(0,)C,—O,H, where we included all the heavy atom neighbors of the C,—O, bond. After satisfying the
valence, the fragment becomes H;C,—(0,)C,—O,H, or simply CH;—COOH. Similarly, the C,= O, bond also
yields CH;—COOH as its CBH-3 fragment.

Next, let us consider the C,—C,, bond. For this bond, the immediate heavy atom neighbors of “C,” are
Cy, Oy, and O,, and for “C,,” they are C,, C., F,, and F,. Therefore, the corresponding CBH-3 fragment of the
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C,—C, bond is H;C—(F,F,)C,—C,(0,)-O,H, or simply CH;—CF,~COOH. Using the similar arguments, the
fragments of C4—C. F-C, and F~C; bonds are CH,;-CF,-CF,-CH;, CF;—CH;, and CH;—CF,—CH,,
respectively (more specifically, H;C.—~(F.Fy)Cq—C(F F)-C,H;, Fi—=C(F,F,)-C4H;, and F—C,(F,)(C.H;)-C H,).
By considering all the bonds, the PFPeA’s CBH-3 fragmentation can be summarized in a chemical equation
as:

CFgCFQCFQCFQCOOH —
2CH3;COOH + CH3CF,COOH + 2CH3CF,CF,CH3 + 3CF3CH3 + 6CH3CF,CH3 + CF3CF,CHj

It is important to note that the above equation is not chemically balanced. As explained below, the
reason for this imbalance is due to the overcounting of certain units of the PFPeA molecule during the
fragmentation. Since CBH-3 is a bond-centric scheme, the atomic environment that is present at the
intersection of bonds is naturally repeated in all the bonds. For example, the atomic environment around the
C, (shown in bold) is repeated three times when generating the fragments for the C,-O,, C,=0O,, and C,—C,
bonds: H;C,—(0,)C,-O,H, H;C,—-(HO,)C,=0,, and H,;C—(F,F,)C,—C,(0,)-O,H. Although the atomic
environment is repeated thrice in the fragments, it is only present once in the parent molecule. To account for
this repetition, we need to add fragments corresponding to the repeated parts (with satisfied valency) on the
reactant side. In this case, since the —C,—C,(0,)—O,H is repeated thrice, we need to add two CH;-COOH
fragments on the reactants side. Similarly, the atomic environment around the C, is repeated four times, of
which only one time is there in the original molecule. As such, to compensate for the repetition, we need to
add three CH;-CF,-CH; fragments on the reactant side. By proceeding in a similar manner for other atomic
centers, we will achieve the following balanced equation,

CF3CF2CF,CF,COOH + 2CH3COOH + 9CH3CF2CH3 + 3CF3sCHy —
2CH3COOH + CH3CF,COOH + 2CH3CF,CF,CH;3 4 3CF3CHj3 4+ 6CH3CFoCH;3 + CF3CFoCHj

which after rearrangement gives:

CF;3;CF,CF2CF,COOH + 3CH3CF,CH; — CF3CF,CH;3 + 2CH3CF,CFy,CH; + CH3CF,COOH

For all these fragments (both on the left and right sides of the above equation), we can compute the GSFE at
both the G4 (Eg,) and DFT (Eppr) levels of theory. Further, we can estimate each fragment’s correlation
energy (missing in DFT) by subtracting the Eppr from the Eg,. Finally, by computing the GSFE of the PFPeA
molecule using DFT, we can estimate its GSFE at the G4 level using equation 1, where the above-computed
correlation energies are added to the DFT energy.

Construction of fragments at mCBH-3 rung for PFPed: As discussed earlier, PFAS compounds have a large

number of fluorine atoms, and in the mCBH scheme, the fluorine atoms are not considered as heavy atoms,
and they are used to satisfy the valency of the carbon atoms during fragmentation (instead of hydrogens).
Please note that we still used hydrogen to satisfy the valency of other heavy atoms like O and S. Again, this
helps in preserving the parent molecule’s chemical environment to a large extent. Considering this
modification into account, the procedure for generating the fragments of PFPeA at the mCBH-3 rung would
be as follows: First, since fluorine is no longer considered a heavy atom, we only have three sets of heavy
atomic bonds, namely, four C-C, one C-0, and one C=0. The corresponding fragments for the C—O and C
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=0 bonds, along with their heavy atom neighbors, before satisfying the valency are: -C,—(0,)C,—O,H and
—-C,—(HO,C,=0,, respectively. After satisfying the valency with fluorine atoms, these fragments become
CF;—COOH. Similarly, the fragment corresponding to the C,—C, bond is F;C~F,C,~C,(0,)-O,H, or simply
CF;—CF,—COOH. Note that we did not specify the indices of F-atoms since they are no more heavy atoms in
this scheme. On similar grounds, the fragments corresponding to the C.—C,, C.—C,, and C.~C_ bonds are
CF;CF,CF,CF;, CF;CF,CF,CF;, and CF;CF,CF;, respectively. Therefore, the fragmentation of PFPeA at
mCBH-3 rung (before balancing) can be summarized as:

2CF3COOH + CF3CF>,COOH + 2CF3CF,;CF2CF3 4+ CF3CF,CF3

Similar to the CBH-3 scheme, here also, we need to account for repetition of certain units of the parent
molecule in the fragments, and accordingly, the repeated portions have to be added as fragments to the
reactant side to balance the chemical equation. Using the arguments we provided in the CBH-3 scheme, the
atomic environment around “C,” is repeated thrice, of which only one time is there in the parent molecule.
Accordingly, we need to add two CF;—COOH molecules to the reactants side to account for the repetition. For
the C,, C,, and C, atoms, the atomic environment is repeated only twice (this is because for each of these
carbon atoms, there are only two heavy atom carbon neighbors. Remember that fluorines are no longer
considered as heavy atoms). Therefore, we have to add one CF;—CF,—CF; molecule to the reactants side for
each of these atoms (total 3). For the C, atom, there is no repetition, and we do not have to add anything to the
reactants side. Accordingly, the balanced chemical equation is:

CF;3;CF2;CFyCF,COOH + 3CF3CF2CF3 + 2CF3;COOH —
2CF3COO0OH + CF3CF,COOH + 2CF3CF,CF2CF3 4+ CF3CF4CFE3

After canceling the common fragments from both the reactant and product sides, we have

CF3CF2CF,CF,COOH + 2CF3CF2CF3 — 2CF3CF,CF2CF3 + CF3CF,COOH

Once again, by computing the correlation energies of each of these mCBH-3 fragments and by knowing
PFPeA’s GSFE at the DFT level, we can estimate its GSFE at the G4 level using equation 1. In general, if we
only want to estimate the GSFE of a PFAS molecule at the G4 level, then performing a DFT calculation for
the parent molecule (here, PFPeA) is sufficient. However, if we want to evaluate the accuracy of these
schemes, we also need to compute the GSFE of the parent molecule at the G4 level (which is a
computationally demanding task).

Similar calculations need to be performed for computing the BDEs, where the GSFEs of both the
parent molecule and the dissociated fragments need to be computed either at the CBH-3/mCBH-3 schemes (if
we only want to estimate the BDE) or at the G4 level (if we want to evaluate the accuracy of the BDEs
obtained using the CBH-3/mCBH-3 schemes). The fragment generation procedure for computing the BDEs of
various PFPeA bonds is illustrated in the supporting information (after Scheme S2).
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Computational details

All electronic structure calculations were performed using the Gaussian 09** suite of programs (unfortunately,
the G16 Rev B.01 version gives incorrect G4 energies).* For optimizing the PFAS molecules, we considered
the 6-31G(2df,p) basis set and employed four widely-used exchange-correlation functionals, namely,
B3LYP,® M062X,** BHandHLYP,*” and PBE.*® Here, we chose the 6-31G(2df,p) basis set since the same
basis set is used for optimizing molecules within the G4 composite method. For the optimized geometries, we
conducted the frequency calculations and did not observe any imaginary frequencies, proving that these
geometries are at a minimum of the ground-state potential energy surface. Next, these geometries were used
to compute the Gibbs free energies of PFAS at 298.15 K. The free energy data was further used to compute
the Gibbs energy of bond dissociation (hereafter, simply referred to as bond dissociation energies, BDEs) for
various bonds in each of the PFAS molecules. It should be noted that we reported both ground-state free
energies (GSFEs) and BDEs at different levels of theory, such as plain DFT, the composite G4 method, and
the G4-corrected DFT results through CBH-3/mCBH-3 schemes (hereafter, simply referred to as
CBH-3/mCBH-3 schemes). The level of theory that we are referring to will be clear based on the context.

Results and Discussion

We first computed the ground state free energies of ten PFAS molecules at both the G4 level of theory and
using the CBH-3 and mCBH-3 schemes. In Figure 3, we presented the mean absolute deviation (MAD) in the
CBH-3 and mCBH-3 GSFEs from the G4 GSFEs. It is important to note that the G4 calculations are
computationally quite demanding, and some of them did not converge even after two months (see Tables S3
and S4 for more information). Among the ten molecules, we could only compute the GSFEs of seven
molecules, namely PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFBS, and PFPeS, at the G4 level of theory. As
such, although the CBH-3/mCBH-3 results are available for all ten PFAS molecules, we presented the
differences between the G4 and CBH-3/mCBH-3 results only for the seven molecules mentioned above.
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Figure 2. The difference between the ground-state free energies calculated using either the CBH-3 or mCBH-3 schemes and the G4
level of theory. The CBH-3 and mCBH-3 schemes were employed along with four different exchange-correlation functionals. The
mean absolute deviations (MAD) are shown for all these functionals. Seven molecules, namely, PFBA, PFPeA, PFHxA, PFHpA,
PFOA, PFBS, and PFPeS, are considered in these calculations.

As shown in Figure 2, the GSFEs calculated using the CBH-3 and mCBH-3 schemes deviate
moderately from the G4 predicted values (i.e., MAD values are small). Even when using a non-hybrid
functional like PBE, the maximum deviation was only 6.2 kcal mol™. Further, this deviation has reduced to as
low as 0.6 kcal mol™! when using a hybrid functional like M062X in conjunction with the mCBH-3 scheme.
Apparently, these results indicate that employing the CBH-3/mCBH-3 schemes helps to obtain GSFEs that are
as accurate as the G4 predicted GSFEs, but only at the DFT cost. Among the four functionals, M062X gave
the most accurate GSFEs when used in conjunction with both the CBH-3 (MAD = 2.6 kcal mol") and
mCBH-3 (MAD = 0.6 kcal mol™) schemes, and PBE produced the least accurate results. Between CBH-3 and
mCBH-3, the mCBH-3 scheme outperformed the CBH-3 scheme in providing accurate GSFEs. Overall,
based on our results, we strongly support using the M062X functional along with the mCBH-3 scheme for
obtaining accurate GSFEs of PFAS.

Next, we examined the efficacy of CBH-3 and mCBH-3 schemes in predicting the BDEs of PFAS.
Since BDE is calculated by taking the difference between the GSFEs of the parent and fragmented molecules,
it is often assumed that the errors associated with the absolute values of the GSFEs would cancel with each
other while taking the differences, thereby producing accurate BDEs. Indeed, this assumption holds true for
some cases and serves as the basis for the widespread usage of DFT functionals in BDE calculations.*>*
However, this assumption is not universally applicable. For example, in a recent study on PFAS, Paultre et al.
showed that the bond dissociation energies predicted using wB97XD/6-311+G(d,p) and G3 (CC, MP2) differ
by ~9.1 kcal mol™, where the latter method provides accurate results.®’ In another study, Melin et al. showed
that the enthalpies of formation of perfluoroalkanes predicted using B3LYP and M062X could differ by as
high as 78 kcal mol'!* As such, the BDEs computed using DFT functionals are not only error prone, but also
significantly differ from functional to functional. Therefore, it is desirable to design a method that provides
BDEs that are accurate and agnostic to the functional choice. Below, we show that if DFT functionals are
combined with the CBH-3 and mCBH-3 schemes, they can yield consistent and accurate BDEs for PFAS,
irrespective of the functional used. Additionally, apart from BDEs, numerous physical properties — such as
adsorption energy, binding energy, reaction energy, pKa, and redox potentials — require the calculation of
differences in GSFEs rather than their absolute values.'******* Consequently, the accuracy of BDEs obtained
using the CBH-3 or mCBH-3 schemes can provide valuable insights into the achievable accuracy for the
aforementioned physical properties.

Before proceeding to analyze the BDEs of various C—C and C-F bonds across several PFAS
molecules, we would like to focus on one specific PFAS molecule and evaluate the accuracy of CBH-3 and
mCBH-3 schemes in predicting the BDEs of all of its bonds. To this end, we considered PFBA (see inset of
Figure 3b), a small molecule for which the BDEs of all the bonds (C,—F, C;—F, C,—F, C,-C,, C,—C;, C;—C,,
C,—O, and O-H) can be computed at the G4 level of theory within a reasonable computational cost. After
computing the BDEs of all PFBA bonds at the G4 level of theory, we compared them against the BDEs
obtained using (i) the plain DFT functionals (blue color), (ii)) when DFT functionals are used in conjunction
with the CBH-3 (orange color), and (iii) mCBH-3 (green color) schemes, as depicted in Figures 3 and S1.
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Also, the actual BDE values computed at various levels of theory are given in Table 1. From these results, it

is apparent that the BDEs predicted using the plain DFT functionals deviate significantly from the G4 BDEs.
For example, for the C;-F and C,—F bonds, the DFT BDEs deviate by as high as 10.2 kcal mol™ from the G4
BDEs. Similarly, the BDEs of several C—C bonds deviate by ~ 8 kcal mol”, and the C-O and O-H bonds
deviate by ~ 9 kcal mol™. As discussed earlier, Paultre et al. showed that the BDEs of C—F and C—C bonds of
PFBA computed using wB97XD/6-311+G(d,p) differ from the G3(CC,MP2) BDE values by 9.1 kcal mol™.**
As such, apart from the DFT functionals that we considered, other functionals also yield BDEs that deviate
largely from the G3 or G4 predicted BDEs (where, G4 is more accurate than G3).

Table 1: The bond dissociation energies of all the C—C, C-F, C-O, and O-H bonds of a PFBA molecule computed at various levels of
theory. The deviations from the G4 BDEs are given in parentheses. The bond numbers are according to the [IUPAC numbering scheme
(for example, see the inset of Figure 4b).
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DFT CBH-3 mCBH-3

Bond | G4 BHand BHand BHand
M062X [B3LYP| ' U0'| PBE | MO062X |B3LYP| . (| PBE |MO062X|B3LYP| | PBE
cc, | 7025 | 7675 [ 6651 [ 6839 [68.98 T 69.85 [ 7095 | 7054 6959 [ 69.90 [ 70.11 [ 69.83 [ 6860
©651) | 374 | a.86) | (1.27) | 0.39) | 0.71) | 0.29) | (0.66) | (0.34) | (0.14) | (0.42) | (1.65)
ec | 670 | 7230 | 3972 [ 6170 [T6129 [ 6801 | 69.92 [ 69.08 [ 70.77 [ 67.04 [ 6725 | 6698 | 65.74
5.00) | 7.67) | 5.69) | 6.1) | (1.52) | @.53) | (1.69) | 3.38) | (0.35) | (0.14) | (0.41) | (1.65)
cc, | 10477 | 10946 | 97.57 [101.34 [ 9934 [ 10672 | 107.00 | 10662 [ 107.21 [ 104.43 [ 104.64 | 104.36 [ 103.13
4.69) | 720) | 3.43) | (5.43) | (1.95) | 2.23) | (1.85) | 2.44) | 034) | 0.13) | (0.41) | (1.64)
. | o506 | 10384 [ 9772 [ 9066 [10467] 9633 [ 97.05 [ 9655 [ 9624 | 0569 | 9670 [ 96.51 [ 95.39
88) | 1.76) | 5.3) | 871 | 037) | (1.29) | (0.59) | 0.28) | 0.27) | (0.74) | (0.55) | (0.57)
coF | 10260 1277 [ 1057019853 [11274 103,57 [ 10352 [ 10297 [ 103.50 [ 101,93 [102.38 [ 10201 | 100.58
10.17) | 3.10) | @.07) [ 10.14)| 0.97) | 0.92) | 0.37) | 0.9) | (0.67) | (0.22) | (0.59) | (2.02)
e | 110ag | 11998 [ 113.72 ] 106,97 ['120.68 T 111.08 [ 11089 [ 112.13 [ 110.26 [ 110.13 [109.86 [ 11001 10977
9.50) | 3.24) | 3.51) | (10.20)| (0.60) | (0.41) | (1.65) | (0.22) | (0.35) | (0.62) | (0.47) | (0.71)
0 | o376 | 10358 [ 9575 [79178 1103451794388 0481 [ 0617 | 0445 [192.53 [ 93,55 ['9341 [ 9197
9.82) | 1.99) | (1.98) | 9.69) | (1.12) | (1.05) | 2.41) | 0.69) | (1.23) | 0.21) | (0.35) | (1.79)
ot | 10000 | 10651 [ 97.79 [ 100.33 [ 9187 [ 10191 [ 103.07 [ 103.11 [ 102.78 | 10172 | 10192 102.00 [ 101.86
5.52) | 3.20) | 0.66) | (9.12) | 0.92) | 2.08) | 2.12) | (1.79) | 0.73) | 0.93) | (1.01) | (0.87)
10


https://paperpile.com/c/WlX627/NryN
https://doi.org/10.26434/chemrxiv-2024-jk7p3
https://orcid.org/0000-0003-1773-9226
https://creativecommons.org/licenses/by-nc-nd/4.0/

(@) C,-F (b) C4-F (c) C,-F

n

10.2
101
10.2

B DFT
[ CBH-3
s mCBH-3

>
9.5

@

=

o

Absolute deviation (kcal/mol)

M062X  B3LYP BHandHLYP PBE MO062X B3LYP BHandHLYP  PBE MO062X B3LYP BHandHLYP  PBE
(d) C1*C2 (e) C27C3 (f) C3—C4
10
)
£
= 8
(] n
= | ©
s°
T
8 ~
D 4 [}
o
Q
— [e>]
32 - = o 2
7] < g < ==
2 sc MsSs BEs WS

M062X  BSLYP BHandHLYP PBE MOB2X B3LYP BHandHLYP  PBE MO62X B3LYP BHandHLYP  PBE

Figure 3. The absolute deviation in the gas-phase BDEs of (a) C,—F, (b) C;—F, (¢) C,—F, (d) C,—C,, (e) C,—C;, and (f) C;—C, bonds
of the PFBA molecule. The BDEs of C,—O and O-H bonds are given in Figure S1. Blue, orange, and green colors depict the
deviations in the BDEs when calculated using a DFT functional, a DFT functional combined with the CBH-3 scheme, and a DFT
functional combined with the mCBH-3 scheme, respectively. Results of four different functionals, namely, M062X, B3LYP,
BHandHLYP, and PBE, are shown. All the deviations are with respect to the BDEs predicted at the G4 level of theory. Inset in
panel (b) depicts the PFBA molecule and the numbering scheme.

Furthermore, the amount of deviation from the G4 value varies largely from functional to functional.
For example, for the C;—F bond, the BDE value predicted using the M062X functional deviates by 10.2 kcal
mol! from the G4 value, whereas the B3LYP value only deviates by 3.1 kcal mol'. Thus, the bond
dissociation energy of the same C—F bond predicted using M062X and B3LYP functionals differ by 7.1 kcal
mol’. Here, we would like to emphasize that one should not interpret the former result as “B3LYP provides
more accurate BDEs than the M062X”. Indeed, the B3LYP predicted C—C BDEs of the PFBA molecule
deviate largely from the G4 values than the M062X predicted BDEs. As such, these results indicate that
although a DFT functional (say, B3LYP) might provide accurate BDEs for certain bonds of a molecule (here,
C—F bonds of PFBA), it is not guaranteed that it would provide accurate BDEs for all bonds of the same
molecule (here, C—C bonds of PFBA). In other words, DFT functionals exhibit irregular trends in accuracy
across different bonds of the same molecule. Undoubtedly, using different functionals to compute the BDEs of
different bonds of the same molecule is undesirable.

Interestingly, the above differences reduce drastically when the DFT calculations are integrated with
either the CBH-3 or mCBH-3 schemes. For instance, considering the same C;—F bond, the deviation in the
BDE value predicted using the M062X functional decreases from 10.2 kcal mol™ to 1.0 (0.7) kcal mol” when
the calculation is integrated with the CBH-3 (mCBH-3) scheme, i. e., a tenfold enhancement in the BDE
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accuracy is obtained by utilizing the CBH-3/mCBH-3 schemes, all still at the DFT cost. Moreover,
remarkably, the mCBH-3 scheme provides accurate BDEs for all the PFBA bonds, i.e., not just for a specific
bond. When integrated with the mCBH-3 scheme, M062X, B3LYP, and BHandHLYP functionals showed a
maximum (minimum) absolute deviation of 1.23 kcal mol™ (0.14 kcal mol™") from the G4 BDEs (see Table 1),
indicating that these results are close to the chemical accuracy. Only PBE functional showed slightly higher
deviations; maximum (minimum) deviation is 2.02 kcal mol" (0.57 kcal mol™). Considering the semi-local
nature of the PBE functional, such a small deviation is acceptable. However, it is noteworthy to mention that
the BDEs obtained using the PBE functional in conjunction with CBH-3/mCBH-3 scheme exhibit greater
accuracy compared to those obtained through plain DFT functionals, including hybrid and global-hybrid
functionals. Therefore, integrating the DFT functionals with CBH-3/mCBH-3 schemes is highly beneficial for
obtaining accurate BDEs instead of using the plain DFT functionals. Furthermore, the BDE of a bond
computed using the mCBH-3 scheme is almost the same irrespective of the functional used, which is one of the
most desired results! For example, after integrating with mCBH-3 scheme, the maximum difference in the
BDEs of any PFBA bond computed using M062X, B3LYP, and BHandHLYP functionals is less than ~ 1 kcal
mol™”. Together, these results strongly establish the validity of using the CBH-3 and mCBH-3 schemes for
computing the BDEs of any PFAS molecule.

Motivated by these encouraging findings, we considered a larger data set and conducted a thorough
evaluation to assess the accuracy of CBH-3 and mCBH-3 schemes in predicting the BDEs of C—C and C-F
bonds. To this end, we computed the BDEs of 46 distinct bonds, spanning across different PFAS molecules.
Similar to the approach described earlier, we initially computed these BDEs at the G4 level of theory and then
compared them against the results obtained using (i) the plain DFT functionals, and (ii) when DFT functionals
are used in tandem with the CBH-3 and mCBH-3 schemes. In these calculations, to reduce the computational
cost, we only considered two (instead of four) DFT functionals, namely, M062X and B3LYP. The resulting
BDE:s for the 28 C-C, 16 C-F, one C-O, and one O—H bonds, computed across all levels of theory, are given
in Table 2, and the mean absolute deviations (MAD) in the BDEs from the G4 values, for each level of
theory, are depicted in Figure 4. Moreover, the absolute deviations are also reported in Table 2. /¢ is crucial to
note that obtaining experimental BDEs is a challenging task and is limited to small molecules only."”® Hence,
this benchmark against the G4 calculations would be helpful for all the future BDE calculations of different
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Figure 4. The mean absolute deviation (MAD) in the BDEs from the G4 values. Here, BDEs are computed using the plain DFT
functionals (M062X and B3LYP), and when DFT functionals are used in tandem with the CBH-3 and mCBH-3 schemes. For
calculating the MAD values, BDEs of 28 C—C bonds, 16 C—F, one C-0, one O—H bonds are considered. For all these bonds, the
absolute deviation in the BDEs from the G4 values are provided in Table 2.

From Figure 4, it can be noticed that the BDEs predicted using plain DFT functionals exhibit
significant deviations from the G4 values, with the MAD values of 9.4 and 3.9 kcal mol™ for the M062X and
B3LYP functionals, respectively. Among the 46 bonds that we considered in our calculations, the largest
deviation in the BDE is observed for the C,—C; bond of PFOA, where the M062X result deviates by 12.7 kcal
mol”! from the G4 value (see Table 2). Notably, for the same bond, the BDEs computed using M062X and
B3LYP functionals differ by ~ 12 kcal mol”, highlighting the uncertainties associated with the DFT BDEs.
However, when the M062X functional is used in conjunction with the CBH-3 and mCBH-3 schemes, the
deviation diminishes to 4.33 and 1.34 kcal mol”', respectively, indicating a remarkable improvement.
Similarly, with the B3LYP functional, a maximum absolute deviation of ~ 7.7 kcal mol" is observed for the
C,—C; bond of PFBA, and the deviation reduces to 2.53 and 0.14 kcal mol’, after integrating the functional
with the CBH-3 and mCBH-3 schemes, respectively. Finally, as evident from Figure 4, the mCBH-3 scheme
consistently outperforms the CBH-3 scheme by yielding BDEs that are significantly close to the G4 values
(with MAD values < 1 kcal mol” for both B3LYP and M062X functionals). Overall, our simulations suggest
that the mCBH-3 scheme in conjunction with M062X or B3LYP functionals can yield BDEs that are as
accurate as G4 results (with errors < I kcal mol”). In other words, when the G4 level of theory cannot be
used to compute the BDEs of a PFAS molecule (due to the associated computational cost), it is advisable to
use the mCBH-3 scheme.

Table 2: A comparison of the bond dissociation energies obtained using different levels of theory. C—C and C—F bonds of various
PFAS are considered in these calculations. The absolute deviation in the bond dissociation energies from the G4 values are given in
parentheses. The bond numbering schemes are given according to the [UPAC convention (see Table S1). Since the BDEs of all PFBA
bonds are given in Table 1, we did not repeat them here.

DFT CBH-3 mCBH-3
Molecule Bond G4

M062X B3LYP M062X B3LYP M062X B3LYP

77.99 67.50 71.63 71.78 70.11 70.19

G, 70.68 (7.31) (3.18) (0.95) (1.10) (0.57) (0.49)

70.61 57.56 65.38 66.82 64.41 64.49

G 64.98 (5.63) (7.42) (0.40) (1.84) (0.57) (0.49)

80.22 67.18 73.04 73.66 69.72 69.81

C=Ca 70.30 (9.92) (3.12) (2.74) (3.36) (0.58) (0.49)

107.80 95.65 103.88 104.03 101.91 101.51

PEPeA CaCs 102.48 (5.32) (6.83) (1.40) (1.55) (0.57) 0.97)

(&

CoF 04.73 105.27 97.18 98.30 96.56 96.09 95.26

z : (10.54) (2.45) (3.57) (1.83) (1.36) (0.53)

CoF 100.51 110.95 104.32 99.76 101.21 98.72 100.06

(10.44) (3.81) (0.75) (0.70) (1.79) (0.45)

CoF 99.98 111.43 103.64 101.03 100.41 99.72 99.12

(11.45) (3.66) (1.05) 0.43) (0.26) (0.86)

120.05 113.83 111.15 111.00 110.20 109.98

CF 109.53 (10.52) (4.30) (1.62) (1.47) (0.67) (0.45)
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Coc 63.40 76.73 66.15 70.38 70.42 68.85 68.83
e : (8.33) (2.25) (1.98) (2.02) (0.45) (0.43)

cC, 6541 71.74 58.40 67.05 67.50 64.51 64.43
(6.33) (7.01) (1.64) (2.09) (0.90) (0.98)

oo C, 6787 78.32 64.86 69.40 70.42 66.98 66.90
(10.45) (3.01) (1.53) (2.55) (0.89) 0.97)

78.45 65.11 70.09 70.54 67.10 66.54
CaCs 67.99 (10.46) (2.88) (2.10) (2.55) (0.09) (1.45)
cc 10151 107.76 95.62 103.83 103.99 101.86 101.48
PFHAA 5 : (6.25) (5.89) (2.32) (2.48) (0.35) (0.03)

X

CoF 93.35 103.57 96.56 96.61 95.93 94.4 94.64

z : (10.22) (3.21) (3.26) (2.58) (1.05) (1.29)

110.7 103.67 100.06 100.39 97.44 98.5
CF 99.28 (11.42) (4.39) (0.78) (1.11) (1.84) (0.78)

CoF 08.72 109.73 103.16 97.36 98.99 96.64 97.69
(11.01) (4.44) (1.36) 0.27) (2.08) (1.03)

CoF 99,35 111.34 103.9 100.95 100.66 99.63 99.37
(11.99) (4.55) (1.6) (1.31) (0.28) (0.02)

120.19 113.66 111.29 110.83 110.34 109.8
CoF 10841 (11.78) (5.25) (2.88) (2.42) (1.93) (1.39)

coc 6311 70.41 57.11 65.73 66.20 63.18 63.13
e : (7.30) (6.00) (2.62) (3.09) (0.07) (0.02)

79.38 65.77 71.00 71.16 67.01 66.90

— 2

GG 68.29 (11.09) (2.52) (2.71) (2.87) (1.28) (1.39)

76.48 62.85 66.38 67.35 64.28 63.69
PEHOA CoCs 63.56 (10.92) (2.71) (0.82) (1.79) (1.28) (1.87)
P cc 6701 78.34 65.14 69.97 70.57 66.98 66.56
> : (11.33) (1.87) (2.96) (3.56) (0.03) (0.45)
107.83 95.51 103.91 103.88 101.94 101.37
Gl 100.38 (7.45) (4.87) (3.53) (3.5) (1.56) (0.99)

78.25 64.59 69.88 69.98 65.88 65.72
GGy 66.02 (12.23) (1.43) (3.96) (3.96) 0.14) (0.30)

77.74 63.88 68.17 68.21 64.50 63.80
PFOA CaCs 66.00 (11.74) (2.12) (2.17) 221 (1.50) (2.20)
coc 6461 76.57 63.00 66.46 67.50 64.36 63.83
> ) (11.96) (1.61) (1.85) (2.89) (0.25) (0.78)

CoC, 65.01 78.61 65.15 70.24 70.58 67.25 66.57
(12.7) (0.76) (4.33) (4.67) (1.34) (0.66)

76.65 63.61 66.63 68.85 67.68 66.24
€ 67.27 (9.38) (3.66) (0.64) (1.58) (0.41) (1.03)

78.08 64.60 69.23 73.48 68.09 66.65
G 67.68 (10.4) (3.08) (1.55) (5.8) (0.41) (1.03)
coC, 102,01 107.8 95.52 103.27 104.06 104.49 102.49
(5.79) (6.49) (1.26) (2.05) (2.48) (0.48)

PFBS CoF 97.97 109.59 103.15 98.18 98.72 98.96 96.89
! (11.62) (5.18) 0.21) (0.75) (0.99) (1.08)

O, F 08.33 109.1 102.07 96.64 101.18 99 98.07
(10.77) (3.74) (1.69) (2.85) 0.67) (0.26)
111.16 104.15 100.16 101.08 102.04 100.73

—F 100.92

G 00.9 (10.24) (3.23) (0.76) (0.16) (1.12) (0.19)
119.91 113.59 111.01 110.76 110.06 109.73
CF 108.92 (10.99) (4.67) (2.09) (1.84) (1.14) (0.81)
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77.78 64.49 68.29 69.57 67.77 66.21
G, 67.66 (10.12) (3.17) (0.63) (1.91) (0.11) (1.45)
76.18 62.32 65.58 70.27 65.33 63.78

— 2
PEPeS G 65.23 (10.95) (2.91) (0.35) (5.04) (0.1) (1.45)
¢ coc 675 78.44 65.01 69.47 70.61 69.67 67.55
T ' (10.94) (2.49) (1.97) (3.11) (2.17) (0.05)
107.61 95.41 103.69 103.79 101.72 101.27
CaCs 10088 (6.73) (5.47) (2.81) (2.91) (0.84) (0.39)

Conclusions and Outlook

In summary, we demonstrated that the modified connectivity-based hierarchy (mCBH) approach is a powerful
scheme to compute the ground state free energies (GSFEs) and bond dissociation energies (BDEs) of PFAS.
Specifically, we showed that mCBH could deliver GSFEs and BDEs with accuracy close to the G4 level,
while maintaining a computational cost that is comparable to running a DFT calculation. To illustrate the
advantages and wide-applicability of the mCBH scheme, we conducted computationally intensive G4
calculations for several molecules, and obtained BDEs of 46 bonds spanning across various PFAS. First, using
four widely-used exchange-correlation functionals, we showed that BDEs predicted using the plain DFT
functionals deviate significantly (> 12 kcal mol") from the G4 BDEs. Also, we consistently find that DFT
functionals exhibit irregular trends in accuracy across different bonds of the same molecule. Even more
alarmingly, the BDE of the same bond predicted using M062X and B3LYP functionals was found to differ by
12 kcal mol'! Next, we showed that such large discrepancies in the BDE results can be corrected by
integrating the DFT functionals with the mCBH scheme. Specifically, we demonstrated a tenfold
enhancement in the BDE accuracy, and established that the computed BDEs are largely independent from the
functional choice. Furthermore, we illustrated that even when a semi-local functional like PBE is integrated
with the mCBH scheme, it can provide BDEs that are more accurate than the BDEs obtained through plain
DFT functionals like B3LYP, M062X, and BHandHLYP. Overall, our simulations suggest that the mCBH
scheme in conjunction with DFT functionals, like M062X or B3LYP, can yield BDEs that are as accurate as
G4 results, with mean absolute deviations less than 1 kcal mol™.

Given the challenges associated with obtaining experimental BDEs and their limitation to small
molecules,' our study with 46 BDEs computed at the G4 level of theory for PFAS of various lengths would
be a great benchmark for all the future BDE calculations. Moreover, with the mCBH scheme's ability to
obtain BDEs at near chemical accuracy, studying diverse PFAS with varying chain lengths and functional
groups in both gas and solution phases can be routinely conducted, and such studies will further help to
understand the variation in C—F or C—C bond strengths across diverse PFAS compounds. Finally, with the
access to accurate BDEs, feasible degradation mechanisms for all classes of PFAS compounds can be
obtained. Some of these avenues are being actively pursued in our group and the results will be communicated
elsewhere.
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