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ABSTRACT: Per- and polyfluoroalkyl substances (PFAS) are difficult to
degrade into more innocuous chemical species, which makes investigating
their molecular characteristics at increased temperatures crucial for effective
thermal PFAS remediation strategies. This Letter reports on the first
development and implementation of infrared (IR) two-dimensional correlation
spectroscopy (2D-COS) to elucidate hidden vibrational modes of gas-phase
perfluorooctanoic acid (PFOA, CgFsO,H) and the potassium salt of
perfluorooctanesulfonic acid (K-PFOS, CgF;,SO;HK) undergoing thermal
degradation (22—700 °C) in both N, and air environments. Carbon—fluorine
moieties unnoticed in conventional one-dimensional (1D) IR spectra were
revealed via 2D-COS. Their spectral features were cross-correlated with other
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observed PFAS vibrations to distinguish peaks originating from the initial parent molecule and those of the degradation byproducts.
Rotational—vibrational (rovibrational) spectra were observed for K-PFOS in air, a result that may be leveraged to extract
fundamental structural properties of gas-phase PFAS. Overall, we observed distinct carbon—fluorine vibrational modes in PFOA and
K-PFOS, providing unique mechanistic insights, such as bond scission at different carbon locants. The methodology and findings
reported herein are critical to illustrating how different molecular configurations affect degradation pathways, offering a deeper

understanding of PFAS behavior under thermal conditions.
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1. INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) have been
extensively detected in environmental matrices, including
natural waters, wastewaters, soils, biosolids, and landfill
leachates."™"" Recent regulations by the U.S. Environmental
Protection Agency have listed several PFAS, including
perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic
acid (PFOS), as hazardous substances under the Compre-
hensive Environmental Response, Compensatlon, and Liability
Act'? and the Safe Drinking Water Act,” highlighting the
urgent need for remediation technologies. Several thermal-
based techniques have been explored for treating PFAS-laden
spent media from water treatment facilities, as well as a variety
of contaminated materials, including soil, biosolids, and
municipal solid waste.'*™*' While these techniques (e.g,
incineration,””™*° pyrolysis,**™*’ smolderlnsg 3931 thermal
desorption,*” and dry air oxidation'”'®*%) have shown
promising results in the laboratory, and even full-scale
applications, multiple studies have reported that incomplete
destruction of PFAS can generate byproducts,'”**>>~*
including fluorinated greenhouse gases. Therefore, studies on
products of incomplete destruction (PIDs) of PFAS are
essential to understanding and mitigating the environmental
impacts associated with these thermal treatment processes.
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Various methodologies have been developed to detect and
quantify PIDs of PFAS (Table S1). Techniques such as liquid
chromatography—mass spectrometry are valued for their
sensitivity in quantitative analysis,*’~** although they require
complex sample preparation that may alter the chemical
integrity of samples. Gas chromatography—mass spectrometry,
while offering high sensitivity and specificity for volatile,
semivolatile, and neutral PFAS,*~* is limited by the thermal
stability of these compounds, necessitating extensive pretreat-
ment that can compromise the accuracy of detection. Fourier-
transform infrared (FTIR) spectroscopy provides an alter-
native approach with comparable sensitivity to mass spectrom-
etry. FTIR spectroscopy relies on a reference library for the
identification and quantification of specific PFAS,*7°° which
limits detection to the number of available standards but allows
for more precise results.
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Figure 1. Molecular structures of (A) perfluorooctanoic acid (PFOA, C4F;;OOH) and (D) potassium perfluorooctanesulfonate (K-PFOS,
CgF,SO;HK). Dynamic 1D-FTIR spectra of PFOA being heated in (B) N, and (C) air. Dynamic 1D-FTIR spectra of K-PFOS being heated from

22 to 700 °C in (E) N, and (F) air.

Recently, FTIR coupled with thermogravimetric analysis
(TGA-FTIR)*"°"*? has been used to provide real-time
analysis of gases evolving from the TGA furnace, enabling
direct measurement without complex sample preparation.
However, analyzing dynamic spectral data sets poses challenges
due to the subtlety of inter- and intramolecular interactions.”
In this study, we utilize state-of-the-art methods that enhance
the spectral resolution of gas-phase PFAS FTIR spectra. We
demonstrate that two-dimensional correlation spectroscopy
(2D-COS)**** can reveal hidden details in PFAS PIDs. This
advancement is critical for understanding the complex behavior
of PFAS. By uncovering previously undetectable degradation
pathways and molecular interactions, our approach provides a
tool to inform the development of targeted remediation
strategies, ultimately advancing efforts to mitigate the environ-
mental and health impacts of these pervasive pollutants. To the
best of our knowledge, this is the first study applying 2D-COS
to PFAS FTIR spectra, revealing molecular interactions and
degradation mechanisms previously undetectable through 1D-
FTIR analysis.

2. METHODS AND MATERIALS

Perfluorooctanoic acid (PFOA, 95%) and the potassium salt of
perfluorooctanesulfonic acid (K-PFOS, >98.0%) were pro-
cured from Sigma-Aldrich. The PFOA and K-PFOS powders
were dried at 40 °C to remove residual moisture, enhancing
their reactivity for thermal analyses. The samples were ground
into a fine powder to maximize surface exposure, increasing the
efficacy and consistency of the thermal degradation processes.
TGA-FTIR analysis was performed using a Thermal Analysis
Laboratory at Western Kentucky University. Samples (S.4—
12.5 mg) were placed in a ceramic cup and distributed evenly
to prevent uneven heating or hot spots. The samples
underwent thermal analysis using a model TA Q600 SDT
TGA instrument connected to a PerkinElmer Spectrum ONE
FTIR instrument via a heated stainless-steel transfer line and
gas cell. This setup maintained the samples isothermally at
room temperature for 30 min before heating to 700 or 800 °C
at a rate of 10 °C/min, under a controlled atmosphere of air or
nitrogen (N,) flowing at a rate of 100 mL/min. The evolving
gases were channeled through the transfer line into an IR gas
cell equipped with KBr windows and kept at 150 °C to prevent
condensation. The path length of the FTIR cell is 2 ft. Spectra
of 2 cm™! resolution were recorded from 700 to 4000 cm™
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Figure 2. 2D-COS asynchronous spectra of PFOA in N, at (A) 22—136 and (B) 136—700 °C. Asynchronous spectra of PFOA in air at (C) 22—

136 and (D) 136—700 °C.

using relatively large sample quantities to ensure the detection
of “trace-level” PIDs. 2D-COS plots were generated using the
2Dpy package developed by Morita (Supporting Informa-
tion).>>~>*

3. RESULTS AND DISCUSSION

3.1. Analysis of Carbon—Fluorine (C—F) Moieties and
Rotation—Vibration Spectra. The vibrational characteristics
of PFOA and K-PFOS, two benchmark™ compounds with
unique properties, were examined side by side to provide
complementary insights about their dynamic behavior under
thermal conditions. The C atom locants (a, §, and @) depicted
in panels A and D of Figure 1 help specify the C—F moieties in
Tables S2—S5. The wavenumber range of 900—1500 cm™" was
chosen because it spans most of the “molecular fingerprint
region”. However, there are numerous C—F vibrational modes
that overlap in 1D-FTIR spectra. Figure 1A highlights the
notation that can be used to label several important PFOA
vibrations, such as v,(Cj™*F,), v,(C,F,), v(C,—C}), and
l/as(C};C/Z;C/S;), corresponding to chain stretching modes that are
either symmetric or antisymmetric (as).”” Their spectral
signatures are central for understanding molecular-level
mechanisms involving bond scission, inter- and intramolecular
interactions, the degree of bond substitution, and isomer
formation.'”*

During thermal degradation, PFAS of different chain lengths
may form simultaneously, leading to increased spectral
congestion. For example, the IR bands of perfluoroheptane
(C,F ) at 1100—1400 cm™" have been shown®' to increase by
3—7 cm™! when expanding the chain length by one C atom
(perfluorooctane, C4F,4). However, some vibrational frequen-
cies may shift to lower frequencies, or even remain unchanged,

with an increase in chain length. Identifying these nuances is
crucial for advancing the field of PFAS processing.

Figure 1 presents the dynamic 1D-FTIR spectra of PFOA
(Figure 1B,C) and K-PFOS (Figure 1E,F) at 22—700 °C. The
PFOA and K-PFOS IR band intensities achieve maximum
absorbance at 136 and 500 °C, respectively, as the molecules
enter the gas phase.'* Since intensities reflect the mode
oscillator strength and number density of an IR-active
functional group, the absorbance of a band in these
experiments reflects on the abundance of gas-phase species.
For example, Figure 1B shows minimal evidence of the
remaining PFOA and degradation species at 700 °C. Figure
1C, PFOA in air, suggests otherwise, as oxidation likely plays a
key role in the formation and persistence of molecular
degradation products at >700 °C.

The IR frequency of the antisymmetric modes reported
herein agreed with recent computations®>~** (Tables $2—S5).
Reported IR vibration assignments are curated in Tables S2—
SS. In Figure 1F, two broad bands at 948 and 977 cm™
resembling the P- and R-branches, respectively, of the carbonyl
rovibrational spectrum of COF,"" were observed. These bands
arise because vibrational transitions in the gas phase are
accompanied by rotational transitions.” At their center (~962
cm™'), a sharp and intense band corresponding to the Q-
branch is resolved. The presence of a collective P-, Q-, and R-
branch triad suggests the dipole moment of this particular
vibration (e.g., carbonyl bend) oscillates perpendicular to the
molecular axis. Additionally, the band at 1029 cm™ at ~600
°C could be assigned to either a Q-branch of an anhydride
bend or a parallel band of a sulfoxide stretch. In the case of a
parallel band, where the dipole moment oscillates parallel to
the molecular axis, only a P-branch and an R-branch would be
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Figure 3. Asynchronous spectra of K-PFOS in N, at (A) 22—500 and (B) 500—700 °C. Asynchronous spectra of K-PFOS in air at (C) 22—500

and (D) 500—700 °C.

expected with no sharp Q-branch.’® These observations are key
because higher-resolution rovibrational spectra may be used in
future studies to determine structural properties of PFAS and
their degradation products.

3.2. Enhanced Spectral Resolution via 2D-COS of
PFOA. A 2D-COS procedure was applied to the dynamic 1D-
FTIR spectra of gas-phase PFOA and K-PFOS undergoing
thermal degradation. Synchronous 2D spectra reflect simulta-
neous changes in signal over an external perturbation.
Asynchronous 2D spectra may reveal vibrational modes that
change out of phase or modes that were otherwise hidden in
the 1D spectra (Tables S2—SS5). The enhanced spectral
resolution achieved using 2D-COS may provide new insights
about molecular-level phenomena that can be leveraged for the
mitigation of hazardous PFAS degradation pathways.

Figure 2 presents the asynchronous spectra of PFOA
thermal degradation in an inert N, atmosphere (Figure
2A,B) and in air (Figure 2C,D). The analysis was performed
by separating the data sets such that the 22—136 °C data set
represents increasing absorbance (minimum to maximum) and
the 136—700 °C data set represents decreasing absorbance
(maximum to minimum), as shown in panels B, C, E, and F of
Figure 1. Therefore, the 2D bands reflect the absorbance
intensity change of PFAS vibrations during the liquid- to gas-
phase transition, and the subsequent entry of the molecules
into the instrument’s IR beam path. For example, the
combination band, v,(CF,) + v,(CF;), at 1204 cm™ is
observed in Figure 2A but absent in the corresponding 1D
analogue (Figure 1B). The PFOA C,F, C4F, and C,F,
vibrational modes have recently been calculated using density
functional theory, with the latter two considered to be the
most challenging to defluorinate.®>®”

Cross-peaks in Figure 2A show positive correlation between
the Cy4F, stretching modes at 1075, 1104, 1115, 1125, and
1145 cm™" and the most intense v,,(CF,) band at 1250 cm™,
which indicates the appearance of the gas-phase C4F, modes
during the phase transition at 22—136 °C (Figure 2A). At
136—700 °C, these Cy4F, correlation peaks disappear (Figure
2B). This observation is important because the v(C4F,) and
v,.(C}'F,) modes are not observed for PFOA under N, in the
1D spectra (Figure 1B and Table S2).

When PFOA was thermally degraded under air at 22—136
°C, the I/(C%Fz) and vaS(Cf;_le) cross-correlation peaks with
the 1250 cm™! mode were observed at 1130 and 1142 cm™),
respectively, which are a few wavenumbers shifted to higher
and lower IR frequencies compared to the corresponding
experimental bands of PFOA in N,. The C—F bond stretching
modes are sensitive to electrostatic interactions, exhibiting a
vibrational Stark effect.’® Therefore, vibrational frequency
shifts may be attributed to conformational effects or varying
degrees of hydrogen bonding (HB) interactions with water
vapor inside the thermal chamber. The prediction of HB in
fluorine systems is an ongoing research topic.ég’70 For instance,
Pietrus$ et al. presented a study on monofluoroanilines in which
a decrease in IR frequency for N—H vibrations in the presence
of fluorine atoms was observed.”' Comparing Tables S2 and S3
for C—F vibrations that may be susceptible to HB, it is possible
that varying stabilities of these interactions lead to shifted IR
frequencies of the CzF, modes.

Evidence of the removal of the carboxylic acid “head” group,
-COOH, may be determined by inspection of the v(C,—C,.q4)
mode, calculated to occur at 1316 cm™' by Jenness et al.* An
IR band at 1298 cm™ may be tentatively assigned to this
vibration under N,, but further study is needed, as this
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vibration is likely weak in intensity and prone to frequency
shifting, especially under air with possible dimer formation.
Evidence of the v(C,F,) stretch at 1060—66 cm™ was
observed, but only under N, (Figure 2B). With regard to the
end group or “tail” 5(C,F;), the breathing mode and
antisymmetric stretch were observed under air and N, (Tables
S2 and S3). Examining how HB impacts the vibrational
frequencies of C—F moieties at different carbon locants may
help elucidate degradation processes such as chain scission.

3.3. Enhanced Spectral Resolution via 2D-COS of K-
PFOS. Figure 3 presents the asynchronous spectra of K-PFOS
undergoing thermal degradation. Temperature ranges of 22—
500 and 500—700 °C were chosen to align with recent
reports””~"* investigating thermal-phase transitions in addition
to the explanationof the methods in section 3.1. Specifically,
the phase change is captured in panels A and C of Figure 3 for
N, and air conditions, respectively. The v(C4F,), p(C5™),
v(C3—C}), and v,((C,F;) modes are not shown in Figure 3A
but are present in Figure 3C, suggesting that the dichotomy of
environmental conditions inside thermal chambers may be
leveraged for studying the fundamental vibrations.

Vibrations corresponding to sulfonic acid, such as
I/as(CECaCacid) at 1186 cm™, v, (R-SO;7) at 1218 cm™', and
the sulfoxide stretch at 1338 cm™?, vanished under air at >500
°C (Table S5), implying this acid group is removed from the
parent chain. Interestingly, while the band at ~1250—1253
cm™' remained present in both environmental conditions at
>500 °C, under N,, the correlation intensity changes from
positive (red) to negative (blue); this is indicative of the
predicted v,(CF,) + v,(R-SO;”) combination band assign-
ment in K-PFOS, as it would be expected to appear after the
phase change and then disappear with respect to the
perturbation variable since degradation occurs. On the
contrary, in air, the correlation intensity stays positive, meaning
the 1253 cm™ peak in Figure 3D and Table S likely originates
from a byproduct.

3.4, Heteromode and Heteroperturbation 2D-COS
Analysis. Heterocorrelation 2D-COS may be implemented
into novel control technologies such as autonomous sensing
devices for PFAS emissions. To demonstrate this utility on the
proof-of-concept sample systems of PFOA and K-PFOS,
Figure 4 presents a heterocorrelation analysis on different IR
regions (e.g, heteromode (Figure 4A)) and different thermal
environment perturbations (e.g., heteroperturbation (Figure
4B)). This technique, when applied with different spectral
probes and perturbations, may assist with the validation of
PIDs and other PFAS.

Inapparent IR bands of the thermal decomposition products
of carbonyl fluoride (COF,) and silicon tetrafluoride (SiF,)
were validated using a heteromode and heteroperturbation
analysis (Figure 4). Figure 4A presents the characteristic COF,
bands”> at 950—1000 and 1880—1980 cm™". A weak IR band is
expected to be centered at 850 cm™', and it was subtly
elucidated via synchronous 2D-COS and positively correlated
with the P-, Q-, and R-branches at 1935—1950 cm™" (Figure
S6). By relying on strong, distinctive IR signals, such as those
at 1935—1950 cm™', heteroprobe analysis enables a pairwise
comparison that may enable the assignment of weaker
vibrational modes that have gone unreported. In other
words, knowledge from well-characterized spectral regions
may be extended to regions that are less understood.

Figure 4B presents an asynchronous heteroperturbation
correlation spectrum in which two different data sets, K-PFOS
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Figure 4. (A) Heteromode synchronous spectrum of K-PFOS in air at
492—-532 °C for 780—1050 and 1870—1980 cm™'. (B) Hetero-
perturbation asynchronous spectrum of K-PFOS in air and N, at
492—532 °C for 1200—1325 cm™". Asymmetry at the x, y coordinates
of 1250, 1295 ecm™ and 1255, 1305 cm™!, respectively, validate the
formation of SiF, and COF, from K-PFOS in air.

in air and K-PFOS in N, at 1200—1325 cm™), are correlated.
Figure 4B resolves a weak IR band”® at 1300 cm™! that
originates from SiF,. Additionally, by referring to the diagonal
line in Figure 4B, an asymmetry in the overall 2D plot is
observed. This suggests a difference in the rate of change for
the IR-active vibrational modes present in the system. For the
N, environment, where SiF, is unobserved, the band at around
1250 cm™ may correspond to 1, (CF,) + 1, (R-SO;7),
suggesting the higher IR frequency reported in Table S5 may
correspond to COF, and not necessarily the parent molecule,
K-PFOS.”® This result further highlights the role that oxygen
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plays in generating SiF, and COF,. Future 2D-COS experi-
ments may help differentiate PFAS from PIDs (Tables S2—
SS). Heteroperturbation 2D-COS may help elucidate how the
vibrational frequencies of PFAS moieties respond to different
environments, thus establishing a basis for practical imple-
mentation of this technique.

4. ENVIRONMENTAL IMPLICATIONS

This study expands the existing tool kit for understanding
PFAS degradation by leveraging two-dimensional spectrosco-
py. Analyses revealed distinct vibrational behaviors of C—F
bonds in PFOA and K-PFOS within the “molecular fingerprint
region”, demonstrating how varying chain lengths and thermal
conditions influence both the frequency and the intensity of IR
bands. This offers important clues about degradation pathways.
The ability of 2D-COS to uncover hidden vibrational modes
and resolve subtle frequency shifts offers deeper insight into
the molecular interactions and transformations during PFAS
thermal degradation.

A key finding of our research is the identification of inter-
and intramolecular interactions that occur during thermal
stress processing. For instance, hydrogen bonding in the Cg4F,
and C_F; moieties provides molecular-level insights into how
thermal conditions promote bond scission. This information is
essential for predicting the behavior of PFAS in real-world
environments where thermal degradation may occur under
varied conditions, such as incineration or high-temperature
industrial processing. Moreover, our findings highlight the
potential of 2D-COS to serve as a predictive tool in
environmental remediation strategies.
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