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ABSTRACT: Perfluorooctanoic acid (PFOA) is an environmentally prevalent and
persistent organic pollutant with toxic and bioaccumulative properties. Despite the
known importance of perfluorinated pollutants in the global environment, molecular-level
details of the physicochemical behavior of PFOA on aqueous interfaces remain poorly
understood. Here, we utilized two surface-specific techniques, vibrational sum frequency
generation spectroscopy (SFG) and surface tensiometry, to investigate the pH-induced
structural changes of PFOA and octanoic acid (OA) and determined the apparent pK, at
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the air—water surface. The SFG spectra and surface activity model were investigated over
a wide range of pHs. With the surface tension measurements, the surface pK, values for OA and PFOA are determined to be 3.8 +
0.1 and 2.2 + 0.2, respectively. These results could provide insights into improved remediation of PFOAs and may impact climate

modeling of perfluorinated alkyl chain molecules.

1. INTRODUCTION

Perfluorooctanoic acid (PFOA) is a man-made surfactant with
a fluorinated alkyl tail and is detected in the natural
environment, homes, and offices." PFOA and other per- and
polyfluorinated alkyl substances (PFAS) have been produced
for over 60 years for firefighting foams, biomedical
applications, food preservation, cosmetics, water- or stain-
resistant coatings, and inert materials.”™> Thin films or
coatings of these versatile chemicals impart the material with
the desirable properties of PFAS: the high structural stability,
hydrophobicity, low adhesion, high hydrophobicity, and heat
resistance.’ However, the widespread usage and lack of natural
degradation pathways led to an accumulation of PFAS in the
environment and the classification of PFAS as persistent
organic pollutants.” PFAS have been linked to several notable
health issues, including carcinogenic properties and bioaccu-
mulation damaging the kidney, thyroid, and reproductive
health.*~"*

Numerous studies have investigated various properties of
PFOA to better understand the thorough dispersion
throughout ecological systems. However, there are numerous
interpretations of the bulk pK, reported in the literature from
several separate techniques. The interpretations vary over a
wide range of pHs from 0 to 3.8 and some papers discussing
the difficulties of experimentally studying the fluorinated
chains with 6—8 carbons."*~"*

The fluorines in PFOA are bulkier and have a stronger bond
to the electrons of the carbon chain than the hydrogens in
octanoic acid (OA), the nonfluorinated molecule of similar
structure.’ This elemental change gives rise to structural
differences between PFOA and OA; the alkyl chain of PFOA
exhibits a helical conformation, rigid backbone, and low
tendency of gauche defect formation when in monolayers.'®
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The environmental transport mechanisms of PFOA are via
air and water. PFOA is a strong surfactant found in abundance
at the air/water interface and the sea surface microlayer.'”"®
Thus, understanding the behavior of PFOA at the air/water
interface is crucial for determining the fate and distribution of
PFOAs in the environment.

Most environmental transport models analyzing the long-
range dispersion of PFOA use the deprotonated form, PFO~,
instead of PFOA."”"”*° This form is used because the PFOA is
transported in water at neutral pH while PFOA is not
protonated until at least pH 3.8.”' However, the surface of
water and submicron aerosols are more acidic than bulk
water.”>** In addition to their pH dependence, the surface to
volume ratio is higher for aerosols and submicrometer particles
than other methods of environmental pollutant transport like
rivers. Interactions between PFOA and sunlight or other
chemicals can occur more readily on the surface of a
submicrometer particle or aerosol. Several properties of the
organic solutes, such as solubility, mixing transitions, and phase
separation, can be impacted by the pH of a liquid and would
differ between the surface and bulk molecules.”* More
information is needed to fill the knowledge gap about the
pH-specific PFOA structure at the liquid—air interface.

The change in charged states, reactions, and properties of a
molecule between the surface compared to the bulk means that
pK, cannot be obtained or calculated from bulk pK,
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measurements alone. The surface pK, is different from bulk
pK,, but it is vital for understanding how the state of the ions
and charged acids or bases can impact the specific environ-
ments for organic lipids, proteins, and other molecules. This
information directly correlates to a better understanding of the
states of molecules found in biological membranes and
performing biochemical functions or pollutants interacting
with aerosols.”*** The surface pK, has been measured with
techniques that include zeta potential analysis, XPS, MD
simulations, electronic and vibrational SFG, and surface
tension.”*” >

In this work, we determine the surface pK, and surface
structure of PFOA and OA at the air—water interface using
sum frequency generation spectroscopy (SFG) and surface
tension measurements. SFG spectroscopy is a second-order
nonlinear technique. In vibrational SFG spectroscopy, an
infrared beam is resonant with molecular vibrations and
renders a vibrational spectrum of ordered molecules at the
surface. Surface tension measurements analyze the capacity of
the surfactants to disrupt the cohesive forces of the liquid
molecules and can provide quantitative measurements of the
surface pK,.”"

The pK, of a surfactant gives crucial structural information,
such as predicting in vivo function and activity of specific
lipids.”* SFG spectroscopy has been previously used to
determine the surface pK, and revealed the orientation and
charge of various lengths of hydrocarbon carboxylic acids at
the air/water surface.”>>’ Furthermore, SEG spectroscopy
and surface tensiometry have been used to investigate the
surface pK, hydrocarbon carboxylic acids of various lengths at
the air/water surface.’’”>> These complementary methods
provide information about the PFOA and OA structural and
charged states at the air—water interface.

2. EXPERIMENTAL METHODS

Perfluorooctanoic acid (PFOA, 95%), octanoic acid (OA, >
99%), and deuterium hydroxide (D,0, 99.9 atom % D) were
purchased from Sigma-Aldrich and used without further
purification. For SFG samples, 1 mM solutions of PFOA and
OA in D,0 were prepared by 40 °C sonicated bath then
adjusted with sodium deuteroxide (NaOD, 40 wt % in D,0)
purchased from Acros Organics or deuterium chloride (DCJ,
35 wt % in D,0) purchased from Sigma-Aldrich Millipore to
raise or lower the pH, respectively. For surface tension
measurements, PFOA and OA were diluted to 1 mM with
ultrapure water with 18.2 MQ cm resistivity (Genpure Pro
Water Purification System, Barnstead, Thermo Scientific) in a
process similar to that before, but the pH was adjusted with
hydrochloric acid (HCl, 37%) or sodium hydroxide (NaOH,
98%) from Sigma-Aldrich. The samples of 1 mM PFOA and
OA were stored and pH adjusted at room temperature in 20
mL glass scintillation vials. Samples for SFG experiments were
pipetted in 10 mL aliquots to pure Teflon dishes, while the
surface tension experiments were conducted with 5 mL
aliquots of sample in Teflon-coated aluminum dishes.

The S400-BIO SevenExcellence pH/mV meter from Mettler
Toledo was calibrated and used to measure the pH of samples
in H,0. D,O was the diluent for SFG samples to eliminate
spectral interference in the water bending mode. For
deuterated samples, the pD was calculated from the measured
pH by

pD = pH + 0.44 (1)
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pH*, the pH equivalence of the acidity of the deuterated
samples, was calculated by

pH* = pD X 0.929 (2)

The sample titration range covered pH 0.5—8.0 since above
pH 8, no significant changes were observed as the surface
stayed dominated by the molecule’s protonated form.

A DeltaPi surface tensiometer equipped with DyneProbes
(Kibron, Finland) was used to measure the surface tension of
the samples by the Wilhelmy method. Before samples, the
surface tensiometer was calibrated with ultrapure water to 72.8
mN/m.”> The samples were pipetted into the Teflon coated
aluminum dish 20 min prior to surface tension measurements
for the surfactants to reach equilibrium at the surface. The
surface tension of each sample was taken after the reading
remained constant for 2 min. Reported errors represent one
standard deviation from the average of the triplicate measure-
ments.

The sum frequency generation (SFG) measurements were
performed on a vibrational SFG spectroscopy system utilizing a
Ti:sapphire regenerative amplifier (Astrella, Coherent). The
output of the Ti:sapphire regenerative amplifier is centered at
800 nm and consists of S mJ, ~ 60 fs pulses with a 1 kHz
repetition rate. The beam is split, and one portion is sent to a
commercially available optical parametric amplifier (TOPAS
Prime, Light Conversion) coupled with a DFG stage to
generate tunable mid-IR, ~9 yJ, light (wy) centered at 6200
nm. The other portion of the beam passes through an
interference filter (Andover) to frequency narrow the pulse
bandwidth to 0.5 nm (fwhm ~ 10 cm™") with a pulse energy of
~20 pJ that will be used for the visible beam (w,;,). Both beam
paths then have a half-wave plate and a wire grid polarizer to
control the polarization to be SSP (S-polarized SFG, S-
polarized Vis, and P-polarized IR) or SPS (S-polarized SFG, P-
polarized Vis, and S-polarized IR). To generate the SFG signal,
the IR and visible light pulses are overlapped in time and space,
and both beams focused onto the sample with a 300 mm focal
length lens for the visible path and 100 mm focal length lens
for the IR path. The IR and vis beams are directed to the
sample at 35° and 60°, respectively, relative to surface normal.
The SFG signal is collimated and subsequently detected by a
spectrometer consisting of grating (1200 grooves/mm) and
CCD camera (ISOPlanel60 and Pixis400, Princeton Instru-
ments). The SFG signal was acquired for 600 s for each
sample. Background spectra were obtained by blocking the IR
beam and subtracted from the sample signal. Reference SFG
spectra using z-cut quartz were collected and used to normalize
the sample data by dividing sample spectra by the reference
spectrum.”® The sample area and IR beam path were purged
with dry air (CO, Absorber/Dryer, PUREGAS).

The observed spectra were fit to quantify the spectral
changes between different pH* values by combining four
Lorentzian functions and a nonresonant signal as given below:

2
A.

1

ipNR
Tyspg ¢ |Ang € + 5
o — o; + il;

(3)

The nonresonant contributions consist of an amplitude
(Ang) and phase (¢yr) while the resonant components are the
amplitude (4;), central frequency (®;), and width (I';) of the
contributions from vibrational mode i.
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Figure 1. Molecular structure and SFG spectra of pH-adjusted
samples of PFOA (a) and OA (b) from 1335 to 1835 cm™ in SSP
polarization. The SFG data were fit (black lines) with Lorentzian line
shapes and identified with color-coded regions and visualization of the
vibration.

Table 1. Fitting Parameters for the SFG Spectra of 1 mM
OA in D,0 at Various pH*s in SSP Polarization with
Gamma Reported in FWHM

pH*  Ag with Ayg = 0.02, pyg = —0.13, and ', = 60 cm™  @; (em™)

1.2 13.5 + 2.6 1710 + 3
1.9 124 + 04 1707 = 0
3.2 12.7 + 0.3 1707 £ 0
4.4 13.1 £ 1.9 1702 + 3
S.5 7.0 +23 1693 + 2
7.4 0 0

SFG spectra of the surfactants at different pHs and compared
fluorinated PFOA to nonfluorinated OA. Figure 1 presents the
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Figure 3. Surface tension vs pH titration curves for 1 mM PFOA (a)
and OA (b) solutions with vertical error bars representing + one
standard deviation. Lines between data points are drawn to guide the
eye.

molecular structures, SFG spectra, and fits for 1 mM PFOA (a)
and OA (b) at the air—D,O interface in the carbonyl frequency
region 1335—1835 cm™'. The corresponding SFG fits and

Table 2. Fitting Parameters for the SFG Spectra of 1 mM PFOA in D,0 at Various pH*s in SSP Polarization with Gamma

Reported in FWHM

; 1370 cm™! 1412 cm™ 1705 cm™ (ve—o)

T, 30 45 50 40
pH* Ag with Agg= 0.07 and @pp= —0.2 Voo ®; (em™)
12 37 +£05 —51+03 -3.1+ 0.8 44 + 1.7 1768 + 2
1.9 2.8 +0.5 -89 + 14 —3.7 £ 0.6 45+ 0.7 1766 + 1
2.8 1.6 + 02 —12.7 £ 22 —44 4+ 02 39+ 0.5 1762 + 2
4.1 12 + 03 —140 + 1.2 —4.6 £ 0.2 31+0.1 1758 + 2
5.5 2.8 + 09 —14.4 + 0.9 —4.0 + 0.8 0 0
7.4 12 + 02 —132 + 0.8 -39 + 0.1 0 0
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Figure 4. Surface activity models (solid black line) for PFOA (a) and
OA (b) fit to the surface tension data transformed by Ay=Ay,.. — 7.
The average surface pK,s are denoted by vertical black dashed lines,
while the surface pK, errors representing one standard deviation are
denoted by vertical gray shadows.

parameters for OA are listed in Table 1. The SFG spectrum of
OA has one spectral feature around ~1700 cm™" attributed to
the carbonyl stretch of the protonated carboxylic acid
headgroup (Vcoop).”” The intensity of the 1700 cm™ peak
decreases with a blue shift as the pH increases, and the
concentration of the acidic form of OA decreases.

The SFG spectrum of 1 mM PFOA, as shown in Figure la,
has four spectral features in this region: 1370, 1412, 1705, and
~1760 cm™". Table 2 presents the obtained parameters of the
SFG fits for PFOA. The assignment of the peak at 1370 cm™
to the coupling between the terminal C—C and C—F; bonds of
the PFOA alkyl chain is based on studies using heterodyne
SEG spectroscopy.’®*' The 1412 and 1760 cm™ peaks are
inversely related as the pH is adjusted. At high pH, the
dominant signal is at 1412 cm™' and is attributed to the
symmetric stretch of the carboxylate headgroup (VSS,COO—)-42
As the pH decreases, two peaks emerge at 1705 and 1760
cm™. The 1705 cm™ peak may be attributed to coupling
between the deprotonated and protonated forms, while 1760
cm ™! corresponds to the carbonyl stretch of the carboxylic acid
groups (Vc—o)-* Another assignment of these peaks based on
a 2D-IR study determined the spectral features are due to the
different positions of the hydroxyl (O—D) group in relation to
the carbonyl group: 1705 cm™ for the szrn-conformation and
1760 cm™" for the anticonformation.*”* The assignment of
the symmetric stretch of the deprotonated headgroup and the
carbonyl stretch from the protonated headgroup is consistent
with other SFG studies on short- or long-chain carboxylic acids
and amino acids.*

SFG spectra were collected in the SPS polarization
combination to investigate the peak assignment possibilities
at 1705 cm™" in SSP polarization. There is one peak visible for
PFOA between 1585 and 1760 cm™" in the SPS polarization,
as illustrated in Figure 2, at 1675 cm™ assigned to the
asymmetric stretch of the carboxylate anion (14 coo-) due to
its appearance at higher pHs and classification in other
studies.*' In these other studies, the asymmetric stretch peak in
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SPS polarization has been used to calculate the twist and tilt
angle of the surface PFOA."”" Based on the peaks present in
the SSP and SPS polarizations, all oxygens are below the
liquid’s surface, the surfactants are well-ordered and packed,
and the terminal C—C bond is perpendicular to the surface
with the three fluorines bound to it are facing up and away
from the surface.*** Since the structural peak at 1370 cm™
did not significantly change and no other peaks appeared, the
orientation and packing described are maintained at each pH
analyzed.

SEG signal intensity depends on the bond population at the
surface and the orientation related to the polarization.”” The
PFOA tail-specific peak at 1370 cm™ in SSP does not
significantly change between the different pH values. Thus, the
data indicate that the total population, packing, and orientation
of the molecules at the air/water interface are not changing.
The peaks that change with pH in either polarization or
molecule are part of the acidic headgroup. As shown in Tables
1 and 2, the signal for the carbonyl stretching vibration
disappeared entirely for both OA and PFOA. The disappear-
ance of these peaks is consistent with the bulk pK, trends of
the molecules. PFOA has a lower bulk pK, than OA.

Some studies have compared the pH-dependent peak areas
of the SFG signal from protonated and deprotonated
headgroup vibrations to calculate the pK,. It appears that the
dissociation occurs between pH* 1.9 and pH* 4.1, but this
method is not ideal for these compounds. Calculating the pK,
in this method is generally used to compare the surface pK, to
the bulk pK,.”””” There are two main reasons that this method
was not performed for these spectra. First, OA only has one
pH-dependent peak in this region, so this method could not be
employed. Second, the PFOA peak at 1370 cm™" may interfere
with the deprotonated headgroup associated peak at 1412
cm™" that would be compared to the protonated headgroup
associated peak. Interference of the 1370 and 1412 cm™" peaks
could prevent optimal peak fitting and data interpretation.
While this method of further SFG analysis is rigorous, it is not
ideal for these chemicals of interest, and a secondary method is
utilized.

Figure 3 shows the surface tensions of 1 mM PFOA (a) and
OA (b) over a wide range of pH values. This surface tension
method provides quantitative surface pK, for PFOA and OA.
The surface tension data are transformed into a surface activity
model, shown in Figure 4, by subtracting the surface tension at
each pH, Ay from the maximum surface tension, Ay,.. The
surface activity models of PFOA and OA were fit with a
sigmoidal curve to calculate the pH at which dissociation
occurs.”’ The surface pK, is significantly different at the surface
than in the bulk environment for PFOA: 2.2 for the surface pK,
and between 0 and 3.8 for the reported bulk pK,.'”'* This is
unique to the fluorinated form because the surface and
reported bulk dissociation values of OA are 4.9."* Interfacial
PFOA has a higher degree of packing at the surface than OA
due to the helical structure of the PFOA fluorocarbon alkyl
chain, 163348

The methodology used here is both well-established to
determine the surface pK, of surface-active species. Despite the
disparity in the literature-reported bulk pK, values, these two
very different techniques were in agreement with producing
the surface specific pK, from a one-to-one correspondence
between the apparent point of dissociation from SFG spectra
and the calculated value from surface tensiometry.
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4. CONCLUSIONS

We investigated the surface pK, by analyzing PFOA and OA
over a range of pH values with SFG spectroscopy in the
carbonyl region from 1300 to 1800 cm™ and surface
tensiometry. The amplitudes of the PFOA carbonyl and
carboxylate anion vibrations directly depended on the pH of
the sample analyzed. The reduction and disappearance of the
symmetric carbonyl stretch peak occur at a lower pH in PFOA
than in OA, which is consistent with the bulk pK, of OA being
greater than the reported values of bulk pK, for PFOA. The
surface tension measurements provide the quantitative pH at
which the respective acids dissociate at the air/water interface.
The surface pK, calculated by fitting the surface activity of OA,
4.8 + 0.1, does not differ from its bulk reported values.
However, the calculated surface pK, for PFOA is 2.2 + 0.2,
significantly lower than some of the reported bulk pK, values
for PFOA. This understanding could give more details for the
long-form atmospheric transport models and provide a better
understanding of the environmental impact of PFOA and other
PFAS.
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