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ABSTRACT: As concerns rise about the health risks posed by per- and
polyfluoroalkyl substances (PFAS) in the environment, there is a need to
understand how these pollutants accumulate at environmental interfaces.
Untangling the details of molecular adsorption, particularly when there are
potential interactions with other molecules in environmental systems, can obscure
the ability to focus on a particular contaminant with molecular specificity. Often
adsorption studies of environmental interfaces require a reductionist approach,
where laboratory experiments may not be fully tractable to environmental systems.
In this work, we study polyfluorinated dodecylphosphonic acid (F,;-DDPA) at the
aqueous surfaces of distilled water (the most reduced “environmental” surface) and
river water to explore the use of vibrational sum-frequency (VSF) spectroscopy as
an experimental probe of fluorinated contaminants at natural environmental
surfaces. We demonstrate how VSF spectroscopy offers advantages over nonspecific
surface tension measurements when measuring PFAS adsorption isotherms at river water surfaces. VSF spectra of the C—F
stretching region selectively probe the presence of F,;-DDPA and can be used to extract meaningful structural insights and calculate
surface concentrations, even at the complex river water surface. This study highlights the potential for VSF spectroscopy to be
developed as a probe of fluorinated contaminants at natural environmental interfaces.
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B INTRODUCTION

Concerns over PFAS accumulation in the environment have
resulted in a sudden increase in efforts to understand their

(FRAME) scheme used to define “environmental relevance”,
the experimental conditions of the background matrix are
considered to span from ultrapure H,O to the complex aquatic

environmental prevalence, their impact on human health, and
their breakdown and remediation.' ™ Leaching of PFAS into
groundwater sources results in their eventual transport to
surface waters where the risk of human contact increases due
to their accumulation in biomass and at aqueous surfaces.’ The
EPA has set strict guidelines for PFAS background levels,
where some species should not exceed 0.02 ppt.” Yet, water
concentrations near contamination sources can be in
significant excess of this limit and reach 100s to 1000s of
ug/L.>’ Being highly surface active, PFAS have the capacity to
accumulate within saturated and unsaturated zones in
subsurface environments, foams, and the interfaces of surface
waters.”'"~'> These surfaces become potential PFAS sinks,
making it important to understand their surface activity to
accurately model their fate and transport throughout the
environment.

Yet, studying PFAS adsorption behavior directly at environ-
mentally relevant surfaces is not entirely straightforward.
Under the Framework for Relevance And Methods Evaluation

© XXXX American Chemical Society

- ACS Publications

matrix of naturally occurring water sources."> Often, PFAS
adsorption phenomena are studied in a laboratory setting using
surface tensiometry.'”'* Due to the technique’s nonspecific
nature, a reductionist approach is required to untangle the
impact the background aquatic matrix (e.g., ions, dissolved
organic matter) exerts on pollutant adsorption and accumu-
lation at aquatic surfaces.'”'>'® Such studies will control the
solution conditions by tuning the ionic strength and dissolved
organic matter (DOM) using commercially available chem-
icals. While these studies can provide important mechanistic
insights into PFAS surface activity, the FRAME scheme
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highlights that these findings may not always be directly
transferable or relevant under actual environmental conditions.
At the same time, however, the same framework also
acknowledges the challenges and complexity of applying
certain analytical tools and the limited nature of mechanistic
insights that are possible from studying the complex environ-
mental matrix. As such, a potential experimental technique that
could provide experimental tractability on complex environ-
mental surfaces is desirable.

It would be advantageous to identify experimental methods
capable of isolating PFAS signatures at complex aqueous
surfaces to interrogate PFAS directly at environmental
interfaces. Toward this end, we investigate whether vibrational
sum-frequency (VSF) spectroscopy could be used to directly
interrogate PFAS at natural environmental surfaces amidst a
complex aquatic matrix. VSF is a surface-specific spectroscopic
technique that measures surface molecules’ vibrational
spectrum without contribution from bulk molecules.'” The
unique nature of the C—F stretching modes provide the
possibility of resolving PFAS spectral features amidst an
environmental matrix that would otherwise have interfering
signatures from background DOM (e.g, humic acid) in the
alkyl, carboxyl, or carbonyl vibrational regions.'®'" Interest-
ingly, studies of the C—F spectral region are conspicuously rare
despite nearly 35 years of research using VSF spectroscopy.
Thus, there is an opportunity to assess the possibility of
applying VSF spectroscopy to probe PFAS behavior at the
surface of a complex aquatic matrix.

Herein we study the adsorption of polyfluorinated dodecyl-
phosphonic acid (F,;-DDPA) at the two end points of
potential solution conditions identified under the FRAME
scheme: the ultrapure water surface and the surface of a
complex environmental matrix. For the natural environmental
surface, water is collected from a local river and remains
unprocessed beyond filtration of larger sediment. The
adsorption behavior of F,-DDPA is first studied at both
interfaces by using surface tensiometry for different proto-
nation states of the phosphonic headgroup. From these
experiments the ability to calculate physical quantities, such
as surfactant surface densities, is assessed for each surface.
Next, VSF spectroscopy is used to measure the vibrational
spectra of F,-DDPA at both aqueous surfaces. Results show
that while the nonspecific surface tension measurements are
complicated by the river water’s solution matrix, VSF provides
significant opportunities to study PFAS adsorption behavior
with a molecular specificity in these complex environments.

B MATERIALS AND METHODS

Chemicals and Solution Preparation. The PFAS studied
in this work, (3,3,4,4,5,5,6,6,7,8,8,9,9,10,10,11,11,12,12,12-
heneicosafluorododecyl)phosphonic acid (MilliporeSigma),
referred to herein as F,;-DDPA, was used as received without
further purification. Aqueous subphases were either ultrapure
water (18. MQ-cm, Millipore Direct-Q3 System), termed DI-
H,0, or river water collected from the Willamette River
(Oregon, USA), termed WR-H,O. Water taken from the
Willamette River was collected at the Willamette Boat Landing
(Corvallis, OR) in 200 mL glass bottles and filtered (Corning
150 mL Polystyrene Filter System, 0.22 ym) prior to use as a
subphase in surface tensiometry and spectroscopic studies. The
most recent water quality report for the Willamette River is
provided in the Supporting Information. All pH adjustments
were done using a concentrated NaOH solution made from

NaOH tablets (ACS grade, Macron) dissolved in DI-H,O.
Stock solutions of F,-DDPA were prepared at concentrations
of ~30 uM in neutral pH conditions for DI-H,0 and 1 mM
under basic pH conditions (pH ~ 13) for both aqueous
subphases. The pH values of all solutions were verified with
pH indicator strips (VWR, Germany).

Surface Tensiometry. Surface tension measurements at
the DI-H,0 and WR-H,O surfaces were recorded using the
Wilhelmy plate surface tensiometry methodology. For this, a
DyneProbe (Kibron) was suspended from a Delta Pi
tensiometer arm (Kibron) over homemade circular Teflon
troughs. The surface tension of the bare air—water interface
was recorded for both the DI-H,O and the WR-H,O
subphases before the addition of any F,;-DDPA. These bare
surface tension values were used to calculate the surface
pressure for each concentration of F,;-DDPA, which is equal to
the surface tension of the bare interface minus the surface
tension of the interface with adsorbed F,;-DDPA. After the
addition of F,-DDPA to the aqueous subphase the typical
time for the surface tension to equilibrate was ~10 min, with
surface equilibration defined as the point when any changes in
surface tension were <0.1 mN/m for at least a minute. Across
all measurements, the average room temperature was measured
to be 22.8 + 0.2 °C.

Vibrational Sum-Frequency Spectroscopy. The spec-
trometer used for all vibrational sum-frequency (VSF)
spectroscopy experiments will be briefly described, as it is a
commercially available system from EKSPLA (Lithuania). A
1064 nm fundamental beam is generated from an ND:YAG
laser at a repetition rate of 50 Hz and a pulse width of 30 ps.
This beam is frequency doubled to 532 nm where a portion of
the 532 nm beam is split off and sent to the interface, while the
rest is directed into an optical parametric amplifier and
combined with the remaining 1064 nm beam to generate a
frequency tunable IR pulse (1000—4000 cm™"). The generated
IR beam is then sent to the air—water interface.

The 532 nm beam that is sent to the interface is hereafter
termed the VIS beam. Before reaching the air—water interface,
the polarization of the VIS beam is selected using a half-wave
plate. The polarization of the IR beam is set by using a
motorized periscope. The VIS and IR beams overlapped at the
surface of aqueous solution contained within a homemade
circular Teflon trough with incident angles of 60° and 54°,
respectively. Sum-frequency photons that are generated at the
surface are polarization selected by a half-wave plate and a
Glan—Taylor polarizer cube before being spectrally dispersed
with a monochromator onto a photomultiplier tube.

Every spectrum reported in this work has been averaged
from normalized spectra recorded across multiple days that
were collected with a step size of 2 cm™" and 100 shots per
step. Spectra were normalized by the product of the VIS and
IR beam intensities, which were recorded at every IR
frequency. The analysis of VSF spectra is performed through
a combination of spectra fitting. Normalized sum-frequency
spectra were fit using the following equations:

Igp = U(éizallzlwslm (1)

@ _,0 @)

XTotal = ANR + XResonant (2)
These equations describe how the VSF signal measured from
the air—water interface (Igz) is dependent on the intensities of
the VIS and IR beams and the total second-order susceptibility
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Figure 1. (a) Surface tension isotherms of F,;-DDPA adsorbed to the neutral (light blue squares) and basic (dark blue circles) surfaces. Gibbs
adsorption fit (solid lines) and the 95% confidence bounds (dashed lines) are overlaid on top of the experimental data, while the horizontal dashed
line marks the surface tension of the bare DI-H,O surface (72.8 mN/m). For the (b) neutral and (c) basic DI-H,O surfaces, surface excess values
were calculated from the Frumkin equation (data points) using the maximum surface excess calculated from the Gibbs adsorption fit (dashed
horizontal lines).
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Figure 2. (a) Surface tension isotherm of F,;-DDPA adsorbed on the basic DI-H,O surface. Gibbs adsorption fit (solid line) and the 95%
confidence bounds (dashed lines) overlay the experimental data, while the horizontal dashed line marks the average surface tension of the bare WR-
H,O surface (61.0 mN/m). (b) Surface excess values for F,;-DDPA adsorbed on the basic WR-H,O surface were calculated from the Frumkin
equation (data points) using the maximum surface excess calculated from the Gibbs adsorption fit (dashed horizontal lines). (c) Surface tension
values for F21-DDPA at the neutral WR-H,O surface. Surface tension of the bare surface is marked by a horizontal dashed line.

of the surface (¥,). The total second-order susceptibility experimental results of the structure of perfluorinated hydro-
contains both nonresonant (y%) and resonant (¥ i) carbons.”’

contributions. While hi§her—order contributions sometimes
manifest in VSF spectra,2 such as from bulk solvent molecules, B RESULTS AND DISCUSSION
these have been left out of our analysis because H,O molecules
do not have any vibrational modes in the spectral region
measured here. Thus, the final form of our fitting routine that
accounts for both nonresonant and resonant contributions
takes the following form:

Adsorption of F,,-DDPA to Environmental Aqueous
Surfaces. As mentioned above, DI-H,0 and WR-H,O
represent the two end points of potential solution conditions
under the FRAME scheme. We first assess the information that
can be calculated from surface tension measurements of F,,-

@ 4 L0y z A, DDPA at both aqueous surfaces before investigating the
HTotal NR ®—w + il 3) potential of VSF spectroscopy to study PFAS adsorption at
" " ! complex aqueous surfaces and its potential to measure
Within eq 3 the nonresonant contributions are modeled with a adsorption isotherms. Possessing a phosphonic headgroup,
frequency-independent amplitude (Ayg) and an associated the first and second pK, of F,-DDPA are estimated to be
phase factor (@), while the n vibrational resonances are below 3 and 8.3, respectively, from the available data on
modeled using a series of Lorentzian line shapes that each hydrogenated n-dodecylphosphonic acid (DDPA).** To
contain a vibrational amplitude (4,), frequency (w,), and line investigate the adsorption behavior of both deprotonated
width (T,). Igor Pro (ver. 8.04, Wavemetrics) was used for all states of F,;-DDPA, surface tension measurements were
VSE fitting analysis. performed at the neutral and basic (pH = 13) surfaces.
Quantum Chemical Calculations. Previous studies have At the DI-H,O surface, F,;-DDPA adsorption was studied
reported mixed results in using density functional theory by using the Wilhelmy plate surface tensiometry methodology.
(DFT) methods to aid in the analysis of C—F stretching SFG At both pH values, the surface tension is observed to decrease
spectra.””> Within this work, the open source quantum as the bulk F,;-DDPA concentration is increased (Figure 1).
chemistry program, ORCA (ver. 5.0.0),”** was used to carry Being the most simplified aqueous surface, the analysis of this
out DFT calculations using the B3LYP functional®*” with the data is relatively straightforward. F,;-DDPA is observed to be
6-31G(d) basis set. Prior to these calculations, the molecular more surface active when the headgroup is singly protonated
structure of F,-DDPA was geometry optimized where a helical under neutral pH conditions (light blue squares, Figure la)
structure was observed in the alkyl chain, consistent with compared to its fully deprotonated form in basic solution (dark
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blue squares, Figure la). The thermodynamically derived
Gibbs adsorption equation was used to calculate the maximum
surface excess for both isotherms (Figure 1a).”” At neutral pH,
the maximum surface excess was calculated to be 2.9 (+0.8) X
107% mol/m? whereas the maximum surface excess was
calculated to be 1.8 (+0.2) X 107 mol/m? at a basic pH.
These values correspond to an average area per molecule of 58
and 92 A*/molecule, respectively, indicating the F,;-DDPA
monolayer packs more tightly when the headgroup possesses a
charge of —1 in neutral conditions compared to a charge of —2
under basic conditions.

At both surfaces, F,-DDPA appears to exhibit “ideal”,
Langmuir-type, adsorption behavior. This is similar to the
adsorption isotherms typically observed for common ionic and
nonionic hydrogenated surfactants and some PFAS at aqueous
surfaces.'”*”*° Due to the appearance of Langmuir-type
adsorption behavior, the Frumkin equation was used to
estimate the F,;-DDPA surface excess from the calculated
surface pressures (Figure 2b,c).”” At the neutral pH surface the
estimated surface excess was calculated to vary from (0.2—2.9)
X 107° mol/m?, which is 8—100% the maximum surface
excess. Meanwhile, at the basic DI-H,O surface, the surface
excess is estimated to vary from (1.6—1.8) X 107¢ mol/m?
90—100% the maximum surface excess. At the neutral surface,
F,,-DDPA quickly saturates the surface, while a much larger
increase in bulk concentration only shifts the surface
concentration from 90 to 100% under basic pH conditions.

The protonation state clearly influences the surface activity,
with F,;-DDPA being less surface active when it possesses a
larger headgroup charge. This pH dependence will also impact
the CMC. For the singly protonated state, the CMC is
calculated to be 27 uM, while it is calculated to be 364 uM for
the fully deprotonated state (see the Supporting Information
for details). Both of these are a reduction from the CMC’s
reported for DDPA, ~100 and ~600 uM, respectively.”’ The
observed reduction in CMC, in addition to surface tension
saturating at concentrations ~10X lower than common ionic
hydrogenated surfactants (e.g., SDS, CTAB, AOT, etc.),”” ™"
is to be expected as a result of the fluorinated chains’ increased
hydrophobicity.*>*°

While the kinds of information (i.e., surface concentration
and CMC) calculated in the above analysis are readily
attainable for the DI-H,O surface, similar analyses will be
frustrated at the surface of water taken directly from the
Willamette River. For these experiments, the WR-H,O was
initially filtered to remove larger sediment, and no further
purification procedures were performed. Thus, the filtered
solution is still likely to contain significant concentrations of
ions and DOM. As such, this solution is representative of the
complex matrix end of the experimental conditions pillar
within the FRAME scheme. The pH of the WR-H,O was
tested post filtration and confirmed to be between pH 7-7.5,
consistent with recent historic pH trends of the Willamette
River near Corvallis, OR (see the Supporting Information). It
is also consistent with the pH measured for the DI-H,O. While
F,,-DDPA was soluble in a basic WR-H,O solution,
solubilizing F,;-DDPA in neutral WR-H,O failed despite the
headgroup being partially deprotonated and charged at this
pH. The reduction of solubility is likely the result of the
inorganic matter remaining in the WR-H,O, postfiltration. One
would expect F,-DDPA to have similar properties to a
hydrogenated surfactant with a longer alkyl chain (>20 carbons
long)*>*® which will have a high Krafft temperature. For the

singly protonated form of F,;-DDPA, the Krafft temperature
has likely been raised above our experimental temperature by
the presence of salt,”” making micelle formation not possible
and causing F,;-DDPA to precipitate out of solution.

At the bare WR-H,O surface, the surface tension was
measured to be 61.0 + 4.0 mN/m for both pH conditions.
This value is more than 10 mN/m below that of the neat DI-
H,O surface (72.8 mN/m), indicating that residual organic
matter in the WR-H,O subphase, likely DOM, is adsorbing to
the aqueous surface. For a basic WR-H,O solution in which
F,,-DDPA can be readily solubilized, a sharp decrease in the
surface tension was observed as the bulk concentration was
increased (Figure 2a). An application of the Gibbs adsorption
equation (solid line, Figure 2a) produces a reasonable
maximum surface excess of 4.1 (+0.4) X 107 mol/m?> This
corresponds to a maximum surface density of 40 A>/molecule,
which is approximately twice the surface density relative to the
basic DI-H,O surface. Again, the surface tension isotherm
appears to exhibit Langmuir-type behavior, and therefore the
surface excess was estimated using the Frumkin equation
(Figure 2b). The calculated surface excess values range from
(1.0—4.1) X 107 mol/m?* (25—100% the maximum surface
excess). These calculated surface concentrations appear
reasonable, despite the analysis ignoring the presence of
DOM in WR-H,O solutions. While one might reasonably
expect the surface concentration to change in the presence of
ions and DOM, it would be inappropriate to assign surface
tension changes, from which the surface concentrations are
calculated, solely to F,;-DDPA. To account for the effects of
DOM adsorption, the surface activity of background DOM
needs to be determined, and the simplest accounting of these
effects would consider them additive to F,;-DDPA adsorption.
However, it is likely that DOM surface activity changes are not
constant but rather will vary with F,;-DDPA concentration.
Such synergistic effects are commonly seen in surfactant—
polymer and mixed surfactant systems.**™*" Without under-
standing the adsorption behavior of the DOM, it is impossible
to untangle the specific F,-DDPA surface concentrations from
the surface tension data.

To study F,-DDPA adsorption to the neutral WR-H,O
surface, F,;-DDPA was dissolved in a 1:3 methanol: CHCl,
mixture (final concentration of 0.375 mg/mL) to overcome
the solubility issues observed for the neutral WR-H,O solution.
The organic solvated F,-DDPA solution was then added
dropwise to the surface of a neutral WR-H,O solution, similar
to how I'Pid monolayers are constructed at the air—water
interface.*”** The results of these measurements are shown in
Figure 2¢, where the surface pressure is plotted against the
added surface concentration (assuming no F,;-DDPA dissolves
into the subphase). The surface pressure seems to be quite
insensitive to the presence of F,;-DDPA until a concentration
of ~7 X 1077 mol/m? is reached, where a sudden decrease and
then a plateau in the surface tension is observed. This
adsorption behavior is quite unlike the adsorption behavior of
typical surfactants, highlighting that surface tensiometry studies
of F,;-DDPA at the natural environmental surface are
complicated by the nonspecific nature of the measurement
when background DOM and ions are present. With such
adsorption behaviors as we have observed at the WR-H,O
surface, a molecularly specific probe would greatly benefit the
study of pollutant adsorption from complex aquatic matrices
by providing F,-DDPA specific information amidst back-
ground DOM.
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Figure 3. VSF spectra of F,;-DDPA at the basic air—water interfaces. (a) At the DI-H,O surface, normalized SSP (light blue, left triangles) and PPP
(dark blue, triangles) spectra are shown with an expanded view (25X) of the low intensity resonance near 1270 cm™" in the PPP spectrum. (b) At
the WR-H, O surface, normalized SSP (light green, squares) and PPP (dark green, circles) spectra are shown with an expanded view (25X) of the

low intensity resonance near 1270 cm™' in the PPP spectrum.

Vibrational Sum-Frequency Studies of F,,-DDPA at
Aqueous Surfaces. While surface tensiometry measurements
are unable to distinguish contributions from individual
components within a complex aqueous solution, the molecular
and surface specificity provided by VSF spectroscopy has the
potential to isolate the unique spectral signatures of surface-
adsorbed PFAS amidst other interfacial species. Despite the
present popularity of VSF spectroscopy, published VSF spectra
of the C—F stretching region (defined here as 1250—1450
em™)* are uncommon, and the majority have focused on
fluorinated polymer surfaces and not fluorinated surfactants at
aqueous surfaces.”"””>**~*° The vibrational features of the C—
F stretching region are expected to be unique to F,;-DDPA,
and PFAS more broadly, provided the Willamette River is in
accordance with the EPA’s guidelines for background PFAS
levels in water sources. Thus, to explore whether VSF can
isolate F,-DDPA’s spectral features at the surface of a complex
aquatic matrix, we recorded C—F stretching spectra at the WR-
H,O surface in multiple polarization combinations and
compared it with spectra recorded at the DI-H,O surface
(Figure 3). Spectra were recorded for basic 0.5 mM F,;-DDPA
solutions, as F,;-DDPA adsorbs from the bulk to both the DI-
H,0 and WR-H,O surfaces under basic pH conditions. VSF
spectra were recorded in the SSP and PPP polarization
combinations, as multiple polarization combinations allow for
conclusions to be drawn as to the orientation of interfacial
species. At both surfaces, a strong VSF signal is observed
between 1350 and 1400 cm™ in both polarization combina-
tions. An additional, weaker vibrational mode is also observed
in the PPP polarization combination near 1270 cm™" (insets,
Figure 3). No resonant intensity was measured in SPS and,
therefore no spectrum is reported for that polarization
combination.

To interpret these VSF spectra, all spectra were fit with a
series of Lorentzian lineshapes. Previous heterodyned VSF
measurements of fluoroalkyl acrylate polymer surfaces and
perfluorononionic acid (PFNA) identified three distinct
vibrational resonances near 1350, 1370, and 1400 cm™ that
could be attributed to different delocalized vibrational modes
throughout the fluorinated alkyl chains.”"** In our spectra we
do not observe any intensity near 1400 cm™' because this
mode arises from the PENA carboxylate headgroup, which is
absent in our phosphonic acid surfactant. Therefore, the strong

VSF intensity between 1350 and 1400 cm™ is fit with two
resonant modes, and the weak band in the PPP spectrum is fit
with a single resonant mode. The SSP and PPP spectra were
globally fit for each surface, with fit results placing the
vibrational frequencies at 1270, 1350, and 1378 cm™". Because
of the strong intramolecular couplings in this frequency region,
characterizing vibrational bands as strictly being a CF, or CF;
mode is not reasonable. Thus, the three vibrational bands are
hereafter termed modes 1, 2, and 3, respectively. In each
spectrum the best fit has mode 2 and mode 3 possessing
opposite phases, consistent with heterodyne VSF measure-
ments.”> While only observed in the PPP spectrum, spectral
fits indicate mode 1 is in phase with mode 2 and out of phase
with mode 3. A full list of these fit parameters is provided in
the Supporting Information.

In VSF spectroscopy, the orientations of specific functional
groups can be calculated using the intensity ratios between
corresponding symmetric/asymmetric vibrational modes or the
ratios of the same mode in different polarization combina-
tions.”"*”** Here, the SSP and PPP amplitude ratios (Aggp/
Appp) for mode 3 (1378 cm™") were calculated to be —0.76 +
0.02 at the DI-H,O surface and —0.74 + 0.02 at the WR-H,0
surface. Similarly, the Agsp/Appp ratio for mode 2 (1350 cm™)
is also within error for the two surfaces, demonstrating that the
similarity is not unique to mode 3. While these ratios indicate
the molecular orientation is similar at the two aqueous
surfaces, the calculation of specific orientations is not
performed in this work because unlike commonly probed
vibrational regions (e.g, C—H or carbonyl stretching), analysis
of the C—F stretching region is complicated by couplings
between C—C and C—F vibrational groups and delocalization
of vibrational motion.

The difficulty in properly accounting for these effects is
highlighted by previous studies of PFNA at the DI-H,O
surface. In the earliest study, Tyrode et al. modeled the C—F
intensity at 1370 cm™' in the PFNA spectrum as an
asymmetric CF; vibration and calculated the terminal CF; to
be tilted 60°~70° from the surface normal.”" In a later study,
Okuno and co-workers calculated the hyperpolarizability
tensor values for delocalized C—F vibrational modes using
the B3LYP functional and reached the conclusion PENA is
only tilted ~10° off surface normal.”* Interesting, Tyrode and
co-workers attempted to calculate the C—F vibrational
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Figure 4. (a) VSF spectra recorded of F,;-DDPA at a basic WR-H,O interface recorded in the PPP and SSP polarization combinations at bulk
concentrations of 0.15 mM (brown diamonds), 0.25 mM (yellow circles), 0.375 mM (light green squares), 0.45 mM (green upward triangles), and
0.5 mM (dark green right facing triangles). Solid lines are global fits to experimental data. PPP spectra have been vertically shifted for clarity, and
the horizontal dashed lines mark zero VSF intensity for each polarization combination. (b) Aggp:Appp ratios for mode 3 calculated from global fits
for each concentration. (c) F,;-DDPA surface excess calculated using the Aggp ratios and the maximum surface excess (horizontal dashed line, 4.7 X

1077 mol/m?) derived from the ML fit.

response using the B3LYP functional but report a lack of
accuracy in the calculated frequencies. In this work, we
attempted to perform DFT calculations and, similar to Tyrode
et al,, found the calculated vibrational frequencies were a poor
match to experimentally measured frequencies. A calculated
infrared spectrum is provided alongside an ATR-FTIR
spectrum in the Supporting Information as an example of
the frequency mismatch. Given the differing accounts of the
accuracy of DFT calculations that have resulted in significantly
different physical interpretations of the molecular tilt angle, it
remains an open question as to how to best calculate molecular
orientations using VSF spectra of the C—F stretching region.

Nonetheless, while procedures for calculating exact
orientations from C—F stretching VSF data need development,
physical characteristics of F,;-DDPA that can be drawn out of
the data presented in Figure 3 remain promising for the
application of VSF to PFAS studies at environmental surfaces.
The similarity of the Aggp/Appp ratios indicates that the
orientation of F,;-DDPA is similar at the DI-H,O and WR-
H,O interfaces. If the molecular orientation were to be
insensitive to changes in concentration, then any changes in
VSF signal intensity could be directly correlated to the surface
concentration of F,-DDPA. To test the possibility of
measuring adsorption isotherms at complex aquatic interfaces,
we measured the C—F spectrum for several concentrations of
F,,-DDPA in the SSP and PPP polarization combinations at
the basic WR-H,O surface (Figure 4a,b). These concentrations
(0.15—0.5 mM F,;-DDPA) and solution conditions were
chosen to match the concentration range of the rise and
plateau of WR-H,O surface pressure isotherm that exhibited
the least complicated adsorption behavior.

Resonant C—F vibrational modes were observed for each
F,;-DDPA solution with the exception of the 0.15 mM
solution, likely because the surface concentration was below
the detection limit at this bulk concentration. Strategies exist
that can increase the sensitivity of VSF and are worth further
investigation. In the present study, however, we focused on
whether the intensity changes originate from either a change in
orientational ordering and/or a change in the surface
population. Thus, all spectra were globally fit (solid lines in
Figure 4) to determine whether the molecular orientation was
sensitive to changes in the concentration. The Aggp/Appp ratio
of mode 3 was calculated for each F,;-DDPA concentration
and found to be invariant with changes in the bulk
concentration (Figure 4c), indicating the orientation of the
interfacial PFAS is insensitive to shifts in the concentration.
This invariance in molecular orientation is consistent with the
invariance in PFNA orientation observed by Tyrode and co-
workers.”’ Therefore, the VSF amplitude of mode 3 can be
used as a probe of changes in the surface population and
provides a measure of changes in F,-DDPA surface density
amidst background DOM.

Knowing that the molecular orientation is invariant with
changes in the bulk concentration, mode 3 was used to
calculate the surface density of F,-DDPA amidst background
DOM. To do this, a modified Langmuir (ML) adsorption
model was used to estimate the surface excess from VSF data,
which was then used to calculate the surface excess for each
bulk concentration. This model (described in the Supporting
Information) has been previously used to build adsorption
isotherms from second-harmonic and VSF spectroscopic data
and is used here to demonstrate the potential of VSF
spectroscopy to measure adsorption isotherms of PFAS at
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complex aquatic surfaces.”” ' From the ML, the maximum
surface excess was calculated to be 4.7 (+2.5) X 10™7 mol/m?,
corresponding to a maximum surface density of 357 A*/F,-
DDPA molecule. While the error in the calculated maximum
surface excess is significant, additional fits with similar accuracy
generated lower maximum surface excess values. Therefore, 4.7
X 1077 mol/m? provides an upper bound on the F,,-DDPA
surface concentration. Using this calculated maximum surface
excess, the VSF amplitudes of mode 3 were converted to
surface concentrations (Figure 4d). The SSP polarization
combination was used for this calculation as it only probes the
perpendicular component of interfacial dipoles and does not
have as many contributions as the PPP polarization
combination.'” For the concentrations that contained meas-
urable C—F resonances, the F,;-DDPA surface concentration
was calculated to increase from (4—4.5) X 1077 mol/m>

It is notable that the surface excess values calculated from
VSF data are approximately 1 order of magnitude lower than
those calculated from surface tension measurements. Despite
the error in the VSF derived maximum surface excess that is
used to calculate the surface concentrations, the discrepancy in
surface concentrations from the two methods can be found in
the details of the experimental methods. Surface concen-
trations calculated from surface tension data will be over-
estimations as a consequence of DOM adsorbing to the surface
alongside F,,-DDPA. The presence of DOM at the WR-H,O
surface in our surface tension measurements is supported by
the reduced surface tension value of the bare WR-H,O surface.
Thus, F,;-DDPA’s true surface concentration will be lower
than any values derived from the surface tension experiments.
For the VSF spectroscopic data, the spectra record only the
changing surface population of F,;-DDPA, despite DOM being
present in solution, and the values calculated from the
spectroscopic data are specific to F,-DDPA. Therefore,
these experiments demonstrate that VSF spectroscopy can
isolate PFAS vibrational signatures at natural environmental
interfaces and suggest that this surface spectroscopic technique
is worth further consideration as a potential probe of PFAS
adsorption at complex aqueous surfaces.

B CONCLUSION

Understanding PFAS adsorption at naturally occurring aquatic
surfaces would be advantageous by an experimental method-
ology that could isolate a PFAS specific signature amidst a
potentially complicated background response. While surface
tensiometry can provide important experimental insights into
PFAS adsorption behavior in laboratory settings, the
experimental results are not guaranteed to neatly map back
onto the PFAS adsorption at complex environmental surfaces.
Therefore, there is an opportunity to develop experimental
techniques and methodologies to probe PFAS at complex
aqueous surfaces with molecular specificity.

In this paper, we have demonstrated that VSF spectroscopy
has the potential to be one such experimental probe of PFAS
adsorption behavior at natural environmental interfaces.
Focusing on polyfluorinated dodecylphosphonic acid as a
model PFAS, we have illustrated how surface tensiometry is an
appropriate experimental technique under well-controlled
laboratory conditions. But once the aqueous subphase included
unknown background DOM content, the experimental
conclusions are frustrated by the coadsorption of DOM.
Results from VSF experiments, however, are shown to
exclusively report on interfacial F,-DDPA species at both

the DI-H,O and the WR-H,O surfaces. The unique nature of
the C—F stretching vibrational region allows for the isolation
of PFAS specific signatures amidst any interfering vibrational
response that could have come from the river water DOM.
VSF spectra revealed that the complex aquatic matrix of WR-
H,O does not alter the interfacial organization of F,;-DDPA
relative to its structure at the simplified DI-H,O surface.
Further experiments found that the orientation of F,,-DDPA at
the WR-H,O surface was invariant to changes in the bulk
concentration, indicating VSF signal intensity could be directly
correlated to F,;-DDPA surface concentration. As a result, the
surface concentration of F,;-DDPA was able to be calculated
from VSF data, revealing the true surface coverage of F,-
DDPA was approximately an order of magnitude lower than
that calculated from surface tension measurements.

It is important to note that the F,;-DDPA concentrations
studied here are significantly higher than the PFAS
concentrations measured in even the most highly contami-
nated water sources. The lowest concentrations studied,
herein, are on the order of 10s of mg/L, larger than the
concentrations found in the most highly contaminated water
sources by an order of magnitude or more. However, with
increased sensitivity, VSF spectroscopy could be applied to the
study of PFAS within environmentally relevant concentration
ranges. Such sensitivity increases can be achieved with
heterodyne VSF experimental setups,”” through tuning the
incident angles of the VIS and IR beams at the air—water
interface®” and leveraging a total internal reflection geometry at
other aqueous environmental interfaces (e.g, oil—water).”*
These sensitivity increases would also aid in measuring a more
complete adsorption isotherm, reducing the error in the
calculated maximum surface excess. Nonetheless, this work has
demonstrated that VSF is an experimental methodology
capable of probing the interfacial behavior of PFAS pollutants
at natural environmental interfaces. Such future studies could
provide invaluable insight into how complex aquatic matrices
alter the adsorption behavior of PFAS relative to controlled
laboratory systems.
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