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S1 Perfluorooctanoic Acid C–F Peak Assignments

Vibrational mode peak assignments of deprotonated perfluorooctanoic acid (perfluorooctanoate, PFO) were
performed via geometry optimization and harmonic vibrational frequency analysis using Q-Chem v. 5.3.1.1

Density functional theory (DFT) at the EDF2/6-31G(d) level of theory was used,2 and a scaling factor of
0.9805 was applied to the harmonic frequencies.3 Vibrational frequencies, intensities, and peak assignments
corresponding to the C–F vibrational modes are tabulated in Table S1.

Table S1: Peak Assignments Corresponding to the C–F Vibrational Modes of PFO
Wavenumber (cm−1) Intensity (km/mol) Vibrational Mode Assignments

1095.72 36.734 CF2 and CF3 Wagging
1104.99 70.264 CF2 Asymmetric Stretching
1125.64 23.161 CF2 Symmetric Stretching and Wagging
1130.98 61.766 CF2 Symmetric Stretching and Wagging, CF3 Wagging
1153.29 194.923 CF2 Symmetric and Asymmetric Stretching
1173.79 15.306 CF2 Asymmetric Stretching
1177.81 77.910 CF2 Asymmetric Stretching
1188.97 27.910 CF2 and CF3 Asymmetric Stretching
1197.64 93.936 CF2 Asymmetric Stretching
1206.15 94.093 CF3 Asymmetric Stretching and C–C Stretching

CF2 Asymmetric Stretching
1214.10 245.849 CF3 Asymmetric Stretching

C–C Stretching
1219.89 243.765 CF2 and CF3 Asymmetric Stretching
1245.74 59.383 CF3 Asymmetric Stretching and C–C Stretching
1254.89 533.145 CF3 Asymmetric Stretching
1271.12 36.907 C–C Stretching, CF3 Wagging
1284.95 40.870 C–C Stretching, CF3 Wagging
1310.55 25.624 C–C Stretching, CF3 Wagging

S2 Langmuir-Szyszkowski Equation

To quantify the differences in PFOA interfacial concentration induced by the ions dissolved in aqueous
solution, a modified form of the Gibbs adsorption isotherm was used.4 The first derivative of the Szyszkowski
equation [Eq. (2)],

γ0
d

dC

[

1− a× ln
(C

b

)

]

= −
aγ0
C + b

, (S1)

was inserted into the Gibbs equation,5

Γex = −
C

RT

(

∂γ

∂C

)

T

, (S2)

to produce the Langmuir-Szyszkowski equation:6;7

Γ =
aγ0
RT

C

C + b
. (S3)

In Eqs. (S1)–(S3), γ0 is the surface tension of the aqueous subphase solution, γ is the surface tension of the
PFOA solution, C is the PFOA concentration in bulk aqueous solution, a and b are fitted parameters, Γex

is the PFOA surface excess, Γ is the surface concentration, R is the gas constant, and T is the temperature.
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Figure S1: Second harmonic generation (SHG) spectroscopic measurements of perfluorooctanoic acid
(PFOA) adsorption at the air-aqueous interface of ultrapure water and 0.47 M NaCl solution. Error bars
represent one standard deviation from the mean.

S3 Second Harmonic Measurements of PFOA Adsorption

Second harmonic generation (SHG) spectroscopic measurements of the interfacial electric field as a func-
tion of bulk aqueous composition and PFOA concentration were conducted to confirm the surface tension
measurements of PFOA interfacial adsorption. A custom-built SHG spectrometer was used for these mea-
surements, and the instrument design has been described previously.8 Sub-50 fs pulses centered at 805 nm
were generated using an ultrafast oscillator (Tsunami, Spectra-Physics) with an output power of ∼900 mW
and a repetition rate of 82 mHz. A beam splitter directed 90% of the laser output power into a signal chan-
nel, and the remaining 10% was directed to a reference channel where a BBO crystal (90015087, Newport)
generated the reference SHG signal. The signal channel consisted of a Glan-laser polarizer (10GR08-AR16,
Newport), a half-wave plate (10RP52, Newport), and a long-pass filter (690LP RapidEdge, Omega Op-
tical). Linear p-polarization was selected for the incoming beam polarization to maximize the measured
signal intensity. The laser pulses were focused onto the aqueous surface, and the reflected SHG photons
were collimated through a focusing lens. The collimated signal then passed through two short-pass filters
(450SP RapidEdge, Omega Optical), a half-wave plate (WPH10M-405, Thorlabs), and a Glan-laser polarizer
(GLB10-405, Thorlabs). Linear p-polarization was also selected for the SHG signal polarization for max-
imum signal intensity. A silica plate aligned the reference beam parallel with the signal beam, and both
beams were focused through a monochromator slit (Shamrock 303i, Andor) and onto an EMCCD camera
(Newton DU970N-BV EMCCD, Andor). Second harmonic images were collected with an exposure time of
90 s and 200× electron multiplication. The CCD background intensity was subtracted from the SHG signal
and reference intensities, and the SHG sample signal was normalized to the reference. The normalized SHG
signal intensities were then converted to electric field values by taking the square root of the intensity values.
The SHG electric field data points plotted in Fig. S1 are the averages of triplicate measurements, and the
error bars represent one standard deviation from the mean.

Unlike hydrogenated alkyl surfactants, perfluorinated alkyl surfactants decrease the interfacial electric
field relative to that of water.9;10 Thus, as the PFOA interfacial concentration increases, the SHG electric
field decreases. Aqueous NaCl enhances the surface activity of PFOA, leading to SHG electric field and
surface tension depression as a function of PFOA bulk concentration. The interfacial electric field of PFOA
in ultrapure water decreases minimally at 2 and 20 µM, matching the minimal decrease in surface tension
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shown in Fig. 1c. PFOA adsorption at the surface of both ultrapure water and 0.47 M NaCl aqueous
solution converge upon a minimum SHG electric field value near 0.4 AU, suggesting PFOA saturation within
the SHG probe region. However, the SHG signal also nears the limit of detection within this high PFOA
concentration regime, making the full adsorption isotherm difficult to measure. Surface tension and infrared
reflection-absorption spectroscopy (IRRAS) have deeper probe depths than SHG, so it is plausible that the
SHG measurements are only sensitive to the first interfacial monolayer of PFOA. IRRAS interfacial probe
depth corresponds to the IR penetration depth in water at the wavelengths of interest, so the IR penetration
depth is ∼ 19 µm in the C–F vibrational mode region.11 Consequently, the IRRAS probe depth more closely
matches that of the surface tension measurements than the SHG measurements, and the surface tension and
IRRAS measurements likely detect multiple layers of PFOA interfacial adsorption.

S4 PFOA Adsorption at an Aqueous CaCl2 Surface

PFOA adsorption to a 10 mM CaCl2 aqueous surface was measured with IRRAS and surface tension. The
PFOA C–F modes are plotted in Fig. S2a, and the integrated peak area (Fig. S2b) is compared with
that of PFOA in ultrapure water. As PFOA bulk concentration increases from 2 µM to 2000 µM, the C–F
peak intensities increase. Additionally, the C–F peaks broaden and red-shift with increasing concentration,
indicative of increased intermolecular interactions between interfacial PFOA molecules. Similar to the spec-
troscopic observations of PFOA adsorption to the 0.47 M NaCl aqueous solution interface, the Ca2+ cations
salt-out the PFOA surfactants and increase PFOA surface activity at low concentrations, as shown by the
greater integrated C–F peak areas for the aqueous CaCl2 subphase at [PFOA] < 1000 µM. At 1000 µM
PFOA, the water and 10 mM CaCl2 subphase integrated peak areas are approximately the same, and the in-
tegrated peak area of PFOA in water is greater than that of the aqueous CaCl2 subphase at 2000 µM PFOA.
The same trend reversal in the integrated C–F peak areas was observed between the water and 0.47 M NaCl
(aq) subphases at PFOA concentrations exceeding 200 µM (Fig. 1b), indicating that the phenomenon is not
specific to a particular salt or concentration.

Surface tension measurements were conducted to further investigate the anomalous IRRAS measure-
ments. Lowered surface tension values of the PFOA solutions relative to that of the aqueous subphase alone
indicate surfactant interfacial adsorption. The surface tension of PFOA in 10 mM CaCl2 aqueous solution
was lower across all PFOA concentrations (2–2000 µM) relative to that of PFOA in water (Fig. S2c), in-
dicating enhanced surface activity in the presence of salt. To better quantify PFOA adsorption, surface
concentration was calculated from the Langmuir-Szyszkowski equation; the surface tension measurements of
each aqueous subphase were fit to the Szyszkowski equation [Eq. (2)], and the fitted parameters were used
in Eq. (S3) to obtain PFOA surface concentration (Fig. S2d). PFOA surface concentration in 10 mM CaCl2
was approximately 5× greater than PFOA surface concentration in H2O. The PFOA surface concentration
in 0.47 M NaCl was approximately twice as large as the 10 mM CaCl2 subphase surface concentration,
indicating that the Ca2+ ion has a significant effect on PFOA partitioning at the air-water interface despite
the ionic strength of the NaCl solution subphase being over 15× greater than the CaCl2 solution subphase
ionic strength.

The surface tension measurements of PFOA in 10 mM CaCl2 are in agreement with the IRRAS mea-
surements at PFOA concentrations less than 1000 µM; however, the trends diverge at PFOA concentrations
greater than 1000 µM. This discrepancy in the surface tension and IRRAS measurements at high PFOA
concentrations was also observed between the 0.47 M NaCl and water subphases. Thus, the disagreement
between surface tension and IRRAS measurements cannot be attributed solely to the ionic composition, con-
centration, or ionic strength of the aqueous solution. Instead, the ions impact the intermolecular spacings
between PFOA molecules, thereby modulating the extent of vibrational coupling between surfactants and
the magnitude of IRRAS signal reduction in the C–F vibrational mode region.
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Figure S2: Perfluorooctanoic acid (PFOA) adsorption to the ultrapure water and 10 mM CaCl2 aqueous
solution interface. (a) Infrared reflection-absorption spectroscopy (IRRAS) of the C–F vibrational mode
region as a function of PFOA bulk concentration. (b) Integrated peak area corresponding to the C–F
vibrational modes as a function of the PFOA bulk concentration. Lines connecting the data points are
drawn to guide the eye. (c) Surface tension measurements as a function of PFOA bulk concentration. The
curved lines connecting the data points are fits to the Szyszkowski equation [Eq. (2)]. (d) Calculated PFOA
surface concentration from Eq. (S3) as a function of bulk concentration. All error bars correspond to one
standard deviation from the mean.
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Figure S3: Integrated C–F peak area of infrared reflection-absorption spectroscopic (IRRAS) measurements
of perfluorooctanoic acid (PFOA) surface concentration at the air-aqueous interface of ultrapure water,
0.47 M NaCl, and 10 mM CaCl2. Error bars represent one standard deviation from the mean.
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the flowchart in Ref. 12
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S5 AMOEBA Force Field Parameterization

Molecular dynamics simulations were carried out using the AMOEBA force field but parameters for PFO
were unavailable and we obtained via the following standard procedure.13 The initial atomic multipoles were
obtained from Anthony Stone’s Generalized Distributed Multipole Analysis (GDMA) program,14 interfaced
with the Psi4 quantum chemistry package.15 We used the original implementation, where all atomic radii
are set to 0.65 Å, and the calculation of the distributed multipoles is consistent with the earlier DMA
procedure.16 The initial multipoles were derived from the electron density of a linear (helical) PFO molecule,
optimized at the ωB97X-V/def2-TZVPPD level. These multipole moments were fitted to the electrostatic
potential of 15 configurations of PFO using the Potential package in the Tinker software,17 in order to more
accurately represent the electrostatic potential across multiple conformers. The conformers were obtained
from an initial sampling of 200 structures obtained with the generalized AMBER force field (GAFF),18

which were later optimized at the ωB97X-V/def2-SVPD level. The 15 lowest-energy conformers were chosen
as representative of the structural flexibility of PFOA, and ab initio electrostatic potentials were computed
at the ωB97X-V/def2-TZVPPD level using Psi4. Atomic multipoles were fitted to the electrostatic potential
of the 15 low-energy conformers until a root-mean-squared (RMS) error of 0.5 kcal/mol was reached.

Finally, valence parameters were taken from Tinker’s Valence program. The out-of-plane bend parame-
ters for the carboxylate head group afforded the largest errors when compared with the ab initio geometry,
and were refined by minimizing the RMS error against the ab initio geometry. The final parameters give
excellent agreement with the gas-phase geometry of PFOA, capturing the helical structure of the CF2 moi-
eties that we find to be absent in almost all other force fields (including UFF, MMFF94, MMFF94s, and
Ghemical). The overall procedure along with the levels of theory used at each step is outlined in the flowchart
in Fig. S4.

Figure S5: Molecular dynamics snapshot of PFOA where all water has been rendered invisible for ease of
inspection. The air/water interface has been labelled to aid in interpretation.
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The results of our parameterization are showcased in the molecular dynamics snapshot in Fig. S5, where
the PFOA molecules appear to behave in accordance with expectations. As a semi-soluble surfactant, PFOA
has a sizable presence in the bulk region between the two interfaces, but shows a strong affinity for the air/
water interface. The PFOA molecules also sample far more conformational motifs in bulk solvent than
at the interface where their structures are consistently rigid and helical. These rigid helical structures are
reminiscent of the gas-phase PFOA geometry, which is sensible as the hydrophobic tails are vacuum exposed.

S6 Vibrational Exciton Model

Vibrational exciton models couple the resonant dipole moments between sites. The vibrational coupling be-
tween individual monomers is calculated using information from ab initio normal mode analysis on individual
sites. These sites (or fragments) are taken to be individual surfactant molecules.

The vibrational exciton Hamiltonian takes the form

Ĥ =
N
∑

A=1

H0,A +

N
∑

A<B

MA
∑

i∈A

MB
∑

j∈B

µiTijµj , (S4)

where Ĥ0,A is the vibrational Hamiltonian of isolated molecule A and µi is the transition dipole moment
of normal mode i. Coupling between the resonant transition dipole moments takes the usual form of the
dipole-dipole interaction tensor Tij , namely

4πǫ0Tij = ∇̂i ⊗ ∇̂j

(

1

R

)

. (S5)

The Cartesian elements Tαβ
ij of this tensor (α, β ∈ {x, y, z}) are

4πǫ0T
αβ
ij =

3Rα
ijR

β
ij −R2

ijδαβ

R5
ij

(S6)

where Rij is the vector between transition dipole centers i and j (thus Rij is the distance between centers),
and Rα

ij is the α component of the vector Rij . For the purposes of this model, we assume the transition
dipole moments are located at the center of mass of each molecule. The resulting exciton Hamiltonian is
block-diagonal, with uncoupled molecular fragment modes on the diagonal and coupling between transition
dipole moments on different molecules in the off-diagonal blocks. For a system with two monomers A and
B, where A has MA normal modes and B has MB normal modes, this Hamiltonian takes the form

H =
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. (S7)

Note that the diagonal blocks are themselves diagonal, as the ab initio normal mode analysis diagonalizes the
vibrational Hamiltonians for individual monomers (within the harmonic approximation), thus intramolecular

mode coupling is already accounted for by the ab initio calculations.
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Diagonalizing the Hamiltonian in Eq. (S7) affords the solutions to an eigenvalue problem that we write
as

Ĥ |φ̃〉 = ω̃ |φ̃〉 . (S8)

We take a product ansatz for the local-mode wave functions,

|φ〉 =

N
∏

A=1

|φA〉 , (S9)

where the total vibrational wave function the system is treated as a product of N molecular vibrational wave
functions. The eigenvectors of the Hamiltonian, C, are coefficients that rotate the basis vectors from the
local-mode basis into the exciton basis:

|φ̃n〉 =

modes
∑

m

Cnm |φm〉 . (S10)

We denote the function in the exciton-site basis with a tilde (φ̃), omitting the tilde for functions in the
local-mode basis.
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Figure S6: Differences in spectral intensity that are directly caused by transition dipole coupling (bottom)
and the associated regions of the exciton spectra impacted by these changes (top). Translucent bars indi-
cate regions of intensity increases (green) and intensity decreases (orange) upon vibrational wavefunction
delocalization.

Intensities of the normal modes on isolated molecules can be obtained from their usual relationship to
transition dipole moments,

I(ωi) ∝ ||µi||
2 . (S11)
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In order to reflect the coupling of resonant dipole moments in the intensities, we rotate the matrix of isolated
molecule transition dipole moments, M, from the local-mode basis into the exciton basis:

M̃ = CM . (S12)

From here, the usual expression can be used with the coupled transition dipole moments to obtain intensities
for the interacting normal modes:

I(ω̃i) ∝ ||µ̃i||
2 . (S13)

The intensity difference spectrum in Fig. S6 shows the difference in signal intensity of the uncoupled
PFOA monomers I0 and the intensity of the fully-coupled system I. Whereas the uncoupled intensities are
obtained directly from Eq. (S11), the coupled intensities are those obtained after rotation into the exciton
basis [Eq. (S13)]. The results feature intensity increases at shoulder features, decreases near band maxima,
and an overall delocalization of the spectral intensity range over a wider region of energies.
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Figure S7: Spectrum of a two-dimensional sheet of octanoic acid (depicted on the right), computed using
the ab initio vibrational exciton model at two effective mean molecular areas (MMAs). The case of “infinite
separation” is modeled by eliminating the off-diagonal coupling blocks of the exciton Hamiltonian, forcing
the couplings to zero. The spectrum at 5 Å MMA is modeled with the fully interacting Hamiltonian as a
uniformly spaced sheet with 5 Å separation between each molecule.

Finally, we applied the exciton model to a 2D sheet consisting of 24 uniformly spaced octanoic acid
molecules, representing a simple model of an ordered monolayer at the air/water interface. Results are shown
in Fig. S7 and feature a lowering in the local intensity of the C–H vibrational modes upon compression from
an infinitely diffuse monolayer to one corresponding to 5 Å mean molecular area.

S7 Arachidic Acid Monolayer Stability

Arachidic acid (AA) monolayer surface pressure was tracked throughout the infrared reflection-absorption
spectroscopic (IRRAS) measurements to ensure that differences in AA C–H peak intensities are due to
vibrational excitons and not desorption into the aqueous subphase. The AA surface pressure relative to the
initial surface pressure (SP/SP0) is plotted as a function of time in Fig. S8, and one standard deviation
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Figure S8: Surface pressure stability of arachidic acid (AA) monolayers on H2O and 0.47 M NaCl aqueous
subphase solutions throughout the time span of an infrared reflection-absorption spectroscopy (IRRAS)
experiment. The subphase pH was adjusted to pH 12.5, and 4 µM ethylenediaminetetraacetic acid (EDTA)
was added to prevent trace metal binding to the AA carboxylate moieties. Shading represents one standard
deviation from the mean.

from the mean is represented by shading. At 37.0 Å2/molecule, the AA surface pressure changes minimally
throughout an IRRAS measurement, and the magnitude of change is nearly identical between the water and
0.47 M NaCl aqueous subphase solutions. The decrease in surface pressure becomes slightly greater at 25.0
Å2/molecule such that the relative surface pressure drops to 0.94 ± 0.02 and 0.92 ± 0.01 for the H2O and
NaCl subphase solutions, respectively. If the larger decrease in surface pressure on the 0.47 M NaCl subphase
was indicative of AA desorption, then the C–H peak intensity would be smaller in magnitude on the NaCl
solution subphase in comparison to the water subphase. However, the opposite is true in that the C–H peak
intensity is greater for AA on the NaCl solution subphase, indicating that the peak intensity differences
between the aqueous subphase solutions can be attributed to vibrational excitons and not AA desorption.
The relative surface pressure measurements for AA at 20.0 Å2/molecule also support this conclusion. While
the surface pressure decrease is the largest in magnitude at this particular mean molecular area (MMA),
the differences in relative surface pressure are insignificant between the two aqueous subphase solutions
(0.75± 0.06 on H2O versus 0.76± 0.03 on 0.47 M NaCl).

To affirm the AAmonolayer two-dimensional phase assignments and stability at low MMA, Brewster angle
microscope (BAM) images of the monolayer were collected throughout the surface pressure-area isotherms.
The custom-built BAM setup is equipped with a 1.5 mW He-Ne laser (Meredith Instruments) mounted
to a goniometer that positions the laser at the Brewster angle of the air/water interface, 53.1◦ relative to
surface normal. The laser outputs 543 nm light with linear 500:1 polarization, and the p-polarized light is
further purified by a Glan-laser calcite polarizer (Thorlabs). The light reflected from the air/water interface
is directed through a 10X infinity-corrected super long working distance objective lens (CFI60 TU Plan
EPI, Nikon Instruments) followed by a tube lens (MXA22018, Nikon Instruments; focal length 200 mm) to
collimate and focus the light at the back-illuminated EM-CCD camera (iXon DV887-BV, Andor Technology
USA; 512 × 512 active pixels, 16 µm × 16 µm pixel size). BAM images were cropped from their original
size of 8.2 × 8.2 mm using ImageJ software19 to show the region of highest resolution.

Representative images of the AA monolayer at the MMA values probed spectroscopically are shown in
Fig. S9 with the H2O subphase on the top row and the 0.47 M NaCl subphase on the bottom row. Dark
regions of the image correspond to the aqueous subphase, and bright regions correspond to domains, or two
dimensional aggregates, of the AA surfactants. In the liquid expanded (LE) phase at 55.5 Å2/molecule, the
AA surfactants have not yet aggregated into domains; thus the images are dark on both subphase solutions.
Surfactant domains form in the LE - tilted condensed (TC) coexistence region, and the domain shapes differ
significantly between the aqueous subphases at 37.0 Å2/molecule. AA on the H2O subphase forms vine-
like domains, whereas the NaCl solution induces small, asymmetrical AA domains. Further compression
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Figure S9: Brewster angle microscopy (BAM) images of arachidic acid (AA) monolayers on H2O (top row)
and on 0.47 M NaCl (bottom row). The aqueous subphase solutions were adjusted to pH 12.5, and 4 µM
ethylenediaminetetraacetic acid (EDTA) was added to prevent trace metal binding to the AA carboxylate
moieties.

to 25.0 Å2/molecule causes the domains to merge. AA on H2O forms brighter merged domain structures
and larger dark regions than AA on 0.47 M NaCl, suggesting that the surfactants aggregate more closely
to one another on H2O. The trend is still apparent in the TC phase at 20 Å2/molecule, although the AA
domains have largely merged into one sheet. The brighter domain structures and greater dark space within
the BAM images of AA on H2O suggest that AA surfactants aggregate more tightly together, meaning that
vibrational excitons between the surfactants are more significant for AA on H2O than for AA on the NaCl
solution subphase.
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