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ABSTRACT

To inform the design of polymer-based adsorbent materials for sequestration of per- and
polyfluoroalkyl substances (PFAS) from aqueous solution, we report here on the critical
aggregation concentration (CAC), shape, size, composition, and interactions of assemblies
formed in water between perfluorooctanoic acid ammonium salt (PFOA) and the nonionic
polymer poly(ethylene oxide) (PEO), obtained from complementary experiments (conductivity,
surface tension, pyrene fluorescence, viscosity, and small-angle neutron scattering (SANS)) and
atomistic molecular dynamics (MD) simulations. PEO-PFAS binding commences at
concentrations lower than the PFOA critical micelle concentration (CMC), and is driven by PEO
localizing on the micelle surface and shielding the fluorocarbon parts of PFOA from contact with
water. PFOA+PEO mixed micelles have 10% higher association number and are 40% more
elongated compared to polymer-free PFOA micelles. This is the first investigation on the
structure of polymer+fluorocarbon surfactant mixed micelles, and contributes fundamental

insights on the association of water-soluble polymers with PFAS surfactants.
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INTRODUCTION

Surfactant and polymer interactions and the various structures formed in aqueous solution have
received much attention owing to their extensive application in many industrial formulations.!"
Anionic surfactants such as sodium dodecylsulfate (SDS) interact with nonionic polymers such
as poly(ethylene oxide) (PEO) in aqueous solutions above a certain concentration called the
critical association (or aggregation) concentration (CAC), which is typically much lower than the
critical micellization concentration (CMC) of the surfactant in the absence of a polymer.!> % &7
With an increase in the surfactant concentration comes a certain polymer saturation point (PSP)
where the polymer chains become saturated with bound surfactant and, above the PSP, surfactant
micelles that are free, i.e., not associated with polymer, begin to form."* > ® The generally
accepted picture for the association between PEO and surfactants is that of surfactant micelles
bound along the PEO chain in a pearl-necklace configuration.® 812 The interactions between

polymers and surfactants depend highly on their relative charge and the hydrophobicity. ! 137

Surfactants containing a fluorinated hydrophobic tail and a hydrophilic headgroup are a major
subgroup of per- and polyfluoroalkyl substances (PFAS) also known as “Forever Chemicals”.
The strong C—F bond, weak —CF>— intermolecular forces and strong hydrophobic interactions
result in outstanding properties of fluorinated surfactants, including incompatibility with both
water and oil, high surface wetting ability, strong surface activity, and high chemical and thermal
stability compared to hydrocarbon surfactants.!®?® These properties render fluorinated
surfactants useful in niche applications, including nonstick cookware, food packaging paper,
stain repellant and waterproof clothing, paints, cosmetics, and firefighting foams.?!">> For these
reasons, perfluorooctanoate (PFOA) and perfluorooctane sulfonate (PFOS) were widely used

globally, but now they are banned. The widespread usage of PFAS surfactants in industrial



processes and consumer products has resulted in their release into the environment, and they
accumulate in drinking, waste, and marine water, leach to the groundwater, adsorb to soil and
sediments, become volatilized, and/or are taken up in plants and biota.?®3° PFAS surfactants can

enter the human body through water and food that get contaminated from contact with PFAS-

31,32 29,32,33

treated packaging or cookware, and can cause adverse health effects.

These findings necessitate the removal of PFAS present in the aquatic environment. A promising
technology for removing PFAS surfactants from water is adsorption using materials such as
activated carbon, minerals, ion exchange resins, and polymer networks.?% 3% 3438 39 For the design
of effective and selective adsorbent materials for PFAS removal, a fundamental understanding of

the molecular organization and various interactions of PFAS with polymers is crucial.

Binding of fluorinated surfactants to PEO at rather low concentrations (~0.1 wt%) in aqueous
solution has been probed using isothermal titration calorimetry (ITC), NMR, density, viscosity,
surface tension, and conductivity.**#** The available literature shows fluorinated surfactants to
bind to PEO at concentrations lower than their CMC in water in the absence of polymer.**# ITC
data of perfluoroalkyl carboxylate+PEO systems have been used to calculate thermodynamic
parameters for the association of surfactant micelles on a PEO chain under the approximation of
the pseudo-phase model.**> *! According to the authors, “the lack of structural data on the
aggregation number of the perfluoroalkanoate-PEG aggregates prevents a more quantitative

analysis of the present thermodynamic data”.*!

Direct structural information on the complexes formed between fluorinated surfactants and PEO
is not available in the literature, but can be obtained by small-angle neutron scattering (SANS),

as has been the case for SDS+PEO complexes.® 3! It has been proposed that the association of



PFOA or SDS micelles on a PEO chain is driven by hydrophobic interactions, but the dominant
effect is entropic in the case of SDS, while enthalpic for PFOA.*% 42 4 For SDS+PEO, this is
supported by molecular dynamics (MD) simulations,'? however, no such studies are available for
aqueous solutions of fluorinated surfactants and polymers. MD simulations can, not only offer
insights into the governing interaction and allow us to test the association mechanisms suggested

in previous experimental studies, but also provide valuable information on the structure.

This study probes assemblies (mixed micelles) formed by PFOA and PEO homopolymer in
aqueous solutions. To this end, complementary experimental measurements (conductivity,
surface tension, pyrene fluorescence, viscosity, and small-angle neutron scattering (SANS)) and
atomistic MD simulations are analyzed to determine the CAC, shape, size, and interactions of
PFOA+PEO mixed micelles, conformation and location of PEO chains in PFOA+PEO mixed
micelles, and the effects of surfactant and polymer concentration. To the best of our knowledge,

this is the first investigation on the structure of polymer+PFAS surfactant mixed micelles.



MATERIALS AND METHODS

Materials

Ammonium perfluorooctanoate (PFOA), (C7FisCOONH4, CAS number: 3825-26-1, MW =
431.1 g/mol, 98% purity), also known as pentadecafluorooctanoic acid ammonium salt, was
obtained from SynQuest Laboratories (Alachua, FL, USA). Poly(ethylene oxide) (PEO)
(BioUltra 10000, MW = 8500-11500) was obtained from Sigma Life Science (St. Louis, MO,
USA). Deuterium oxide (D, 99.9%), (D20, MW = 20.03 g/mol, 99.5% purity) was obtained from
Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, USA) and used as received. Samples
used in SANS were prepared using D>O. Samples tested with other techniques were prepared
using Milli-Q purified water (0.055 uS/cm). To prepare surfactant+polymer solutions of various
surfactant concentrations, an aqueous solution of the required PEO concentration was prepared
first, and the dry surfactant was then added to this solution. All samples were allowed sufficient

time to equilibrate following the mixing of ingredients.

Ammonium perfluorooctanoate was selected in this study as it is the most widely used among
other perfluorooctanoate salts, and the most widespread PFO contaminant in the environment.?®
Another notorious PFAS surfactant contaminant, GenX,* is available commercially only as
ammonium salt, and not in other salts. PEO was selected as a commercially available and
environment friendly polymer that has been shown to associate with ionic surfactants in aqueous
solutions. The relatively short PEO molecular weight was selected with an adsorbent material in

mind, where PEO chains tethered on surfaces will present sites for PFAS surfactant association

and accumulation.



The concentration of PEO 10000 used in the experiments is 3 wt%. The overlap concentration
calculated from C*= MW/(4nR°’Nav/3) x 100 is found C* = 21 wt%, thus we operate well
below the C*. The radius of gyration (R; = 26.7 A) value used in the above C* calculation has
been obtained from the Guinier model fitting to SANS data of 3% PEO 10000 in DO (refer to
SI). The concentration range of PFOA studied here is 0 — 150 mM. SANS measurements of 3%

PEO 10000 + PFOA were performed at concentrations 33 mM and 110 mM PFOA.

Experimental Characterization

Conductivity: Conductivity experiments for PFOA + PEO aqueous solutions were performed and
analyzed as described in the Supporting Information (SI) document and in references.'> ¢ For
nonionic polymer + ionic surfactant mixed systems at fixed polymer concentration, the
conductivity vs surfactant concentration curve exhibits two break points: (i) concentration where
the surfactant starts binding to the polymer: critical association concentration (CAC),*”-*® and (ii)
concentration (Cm) where free surfactant micelles start to form in the aqueous solution after the
polymer has been saturated by surfactant.*’”>*® For PFOA + PEO systems, two linear regions with
one break point were observed in the conductivity vs surfactant concentration plots.*’” The higher
concentration break point is not observed here because free PFOA micelles form above the

PFOA concentration range (1 — 45 mM) considered in our conductivity plots.

Surface tension: The surface tension of aqueous PFOA + PEO solutions was measured, and the

results analyzed as described in the SI document and in references.'> 4

Micropolarity: The micropolarity of PFOA aqueous solutions in the absence and in the presence

of PEO is probed using pyrene fluorescence spectroscopy. Details on the experiment procedure



and analysis of results are described in SI and references.'® *> 4 Information on the critical
concentrations for different PEO+surfactant solutions was obtained here from the point where

I1/15 starts to decrease following a plateau region in the I1/I3 vs. surfactant concentration curve.

Viscosity: The viscosity experiments for PFOA + PEO aqueous solutions were performed and

the relative viscosity (7,-;) of the solution calculated as described in SI and references.!* 46

Small-angle neutron scattering (SANS): SANS measurements of aqueous PFOA solutions in the
absence and in the presence of PEO were performed on the NG-B 30 m SANS instrument at the
Center for Neutron Research (NCNR), National Institute of Standards and Technology (NIST),
Gaithersburg, MD (refer to SI for information on SANS data collection and reduction). SANS

has been widely used to determine the size and structure of surfactant micelles.® 4°-5

SANS data were collected for 3% PEO 10000 in D>O (no surfactant), and 33.3 mM or 110 mM
PFOA + 3% PEO 10000 in D;O. Since 3% PEO falls well within the dilute concentration
regime, the correlation length model or Debye Gaussian model can be applied to fit the SANS

data of 3% PEO 10000 in D,O (refer to SI for details).% 78

The scattering intensities from PFOA + PEO mixed micelles are fitted using a combination of
the core-shell ellipsoid form factor and Hayter rescaled mean spherical approximation (RMSA)
structure factor with the correlation length model. The core-shell ellipsoid form factor and
Hayter RMSA structure factor (details are provided in the subsequent text) have been widely
used for describing ionic surfactant micelles.® #> 3 3% The correlation length model is
incorporated to the overall scattering intensity to account for scattering (at low-q values)
originating from a fraction of polymer molecules that are not forming complexes with PFOA and

thus cannot be described by the core-shell form factor.!> The correlation length model is a



combination of Lorentzian and power law terms, and has been previously used to capture the
scattering originating from nonionic polymers in aqueous solution.® > The power law term
describes Porod scattering from clusters, capturing the scattering behavior at low-q values. The
Lorentzian term describes scattering from polymer chains and captures the scattering behavior at

high-q.% > The overall scattering intensity I(q) is then given by:

1(q) = scale;1(q), + scale;1(q); + Binc (1)

where 1(q): is the intensity from the correlation length model which is calculated as:

(2)

@)1 = 5+ T
The first term of 1(q)1 describes the Porod scattering from clusters with the power law exponent n
capturing the scattering behavior at low q values. n reflects the mass fractal dimension of the
clusters, and the scale factor A the scattering contribution of clusters. Clustering has been
observed in many macromolecular solutions, however, its origin has remained elusive.’® Note
that the low-q range examined in our SANS data captures only a small portion of the scattering

originating from clusters. Hence, the cluster size cannot be determined from the present data.>

The second term of 1(q): is a Lorentzian function describing scattering from polymer chains
(exponent = m) which characterizes the polymer/solvent interactions. The correlation length & is

related to the radius of gyration of a single Gaussian polymer chain at intermediate q values: Ry

= V/2&. The scale factor C captures the solvation scattering of the polymer: a lower C value

indicates more effective solvation.



I(q)2 is the intensity from the core-shell ellipsoid form factor and the Hayter — Penfold structure
factor with rescaled mean spherical approximation (RMSA). The expressions describing the

form factor and structure factor models, are presented in SI.

Table S1 (in SI) lists the parameters (in the SASview software) that have been used here in
fitting SANS data from PFOA + PEO systems for the combination of the correlation length

model with the core-shell ellipsoid form factor and Hayter MSA structure factor.

We considered in this analysis one PFOA micelle per PEO 10000 chain (at 3 wt% PEO), based
on information from SANS available on SDS-PEO complexes formed at much higher PEO MW
and much lower PEO concentration, which suggested 10 SDS micelles per PEO 135000 chain (at

0.1 wt% PEO) and 6 SDS micelles per PEO 90000 chain (at 0.5 wt% PEO).% 8

Two different scenaria for describing the composition of PFOA + PEO mixed micelles have been

considered in the analysis of SANS data:

e dry micelle core consisting of PFOA CF3(CF2)s fluorocarbon chains (no polymer, no water),
and micelle shell comprising PFOA headgroups, counterions, EO segments and associated
water of hydration, while the remaining EO segments are in the bulk solution;

e dry micelle core consisting of PFOA CF3(CF2)s chains (no polymer, no water), and micelle
shell comprising 1 CF> group of PFOA, PFOA headgroups, counterions, EO segments and

associated water of hydration, with the remaining EO segments in the bulk solution.

MD simulations (to be discussed later) show that in PFOA+PEO complexes several EO
segments are in close contact with CF> groups. Based on this, among the two composition
scenaria considered here, scenario 2 best describes the PFOA + PEO mixed micelles: their shell

comprises 1 CF2 group of each PFOA fluorocarbon chain, carboxylate headgroups, counterions,
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and associated water molecules, and a fraction of the PEO polymer. The expressions that
describe the PFOA + PEO structure/composition for scenario 1 and the corresponding SANS

results are presented in the SI document. Equations for scenario 2 are presented below.

The micelle core radius (b) was obtained from the extended length of a fluorocarbon chain given

by60
lr(inA) = 1.3n, + 2.04 (3)

where nc is the number of carbon atoms in the fluorocarbon tail of the surfactant (n. is 6 for
PFOA micelle with 1 CF, group located in micelle shell and b = 9.84 A). The micelle core
volume Veore (in A%) is calculated from the surfactant association number Nage and the volume of

the PFOA fluorocarbon chain (V; pros = [41.6n, + 42.4] = 292.0 A® for n. = 6), using:
4
Veore = §T[ab2 = Nagth,PFOA 4)

where a is the major radius and b is the minor radius of the ellipsoid micelle core. Considering
the volume contributions from one CF» group, surfactant headgroups, counterions, fraction of
PEO homopolymer in the shell, and associated water molecules, the micelle shell volume can be

written as:
Vshen = Nagg(VCFz + Veoo- + (1 — a)Vypyy + NHVDZO) + 150 (Vgo) + ngoNygo (Vp,0)  (5)

where Vcr,, Veoo-» Vg, Vb,o and Vgo are the volumes of the CF2 group, PFOA headgroup,

counterion NH; , DO molecule, and ethylene oxide monomer, respectively, o = Z/N,g fractional
charge on a micelle (Z is the charge on a micelle), Nu hydration number of a surfactant molecule,

ngo number of EO segments in the micelle shell, and Nu,ro water molecules (hydration number)

11
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per EO segment in the micelle shell. On the basis of the reported hydration numbers for NH4
ion®"> %2 and PFO™ ion®, we fixed Ny = 12. In addition, we fixed Ny .go = 4.6 based on our SANS

results of 3% PEO 10000 in DO considering the correlation length model.
The scattering length density of the micelle core is calculated by:

Naggbcrs(cFy)s
Pcore = v (6)
core

where b; is the coherent scattering length of molecule i. b; values are reported in Table S2.

The scattering length density of the micelle shell is calculated using equation 7, which includes
the individual contributions to the scattering from surfactant CF» group, hydrophilic headgroups,

counterions, ethylene oxide monomers of PEO polymer and associated water molecules.

Nagg [bCFz +bcoo—+(1—0{)bNHI+ NHbDZO]'HlEO [bEol+nEONHEO[PD, 0]

(7

hell =
Pshe Vshell

The scattering length density of the solvent pg,,ens Was calculated using the scattering lengths
and concentrations of deuterated water and surfactant. The concentration of PFOA present in the

bulk solution was considered equal to its CAC value (12.5 mM) obtained from conductivity.

The main parameters resulting from the fit to the SANS data are the micelle association number
(Nagg), charge on a micelle (Z), fraction of PEO homopolymer in the shell, and micelle volume
fraction (). The calculation of all parameters obtained from the SANS fits are presented in
detail in the SI document. We note that the number of parameters that are really “free” in fitting
the SANS data for PEO+PFOA mixed micelle are very few: axial ratio of the micelle core, shell
thickness, charge on the micelle, source background, correlation length, and Lorentzian scale.

Some parameters are known, such as solvent scattering length density (psolvent), temperature,

12



dielectric constant of solvent. Other parameters we fixed to very reasonable values, for example,
we set the minor radius of the micelle core equal to the extended length of the surfactant alkyl
chain, we considered uniform shell thickness (i.e., ratio of thickness of shell at pole to that at
equator = 1), we considered the micelle core to consist of only PFOA fluorocarbon chains and
hence the micelle core scattering length density (pcore) 1S set to pcr3cr2). We assumed Gaussian
nature of the PEO chains present in solution (i.e., Lorentzian exponent = 2). We fixed the Porod
scale (A) = 0, since the scattering behavior at low q values does not show clustering (no decrease
in the scattering intensity at low q values). Other important parameters, such as micelle
association number (Nag), fractional charge on a micelle (o = Z/Nagg), and average number of
ethylene oxide monomers of PEO homopolymer in the micelle shell (nro), are calculated from

the parameters obtained from fitting SANS intensity data.

The SANS form and structure factors used in this study are similar to those previously used in
the literature.® We have used the correlation length model to fit SANS data from PEO in DO, as
was previously used.® We utilized core-shell ellipsoid form factor with Hayter RMSA structure
factor to describe PFOA micelles with a fraction of PEO present in the micelle shell, and capture
the scattering in the intermediate and high q range. Furthermore, we incorporated to the overall
scattering intensity the correlation length model which captures the scattering at low-q values
originating from polymers in aqueous solution. We note that, for the 110 mM PFOA in D,O
sample, the scattering intensity data points in the low-q region exhibit relatively large error bars
and an upturn in the intensity, which is common in scattering from surfactant solutions, and is
typically attributed to scattering from tiny air bubbles that are stabilized by surfactant. Such an
upturn is not observed in samples containing 3% PEO where the overall intensity is a factor 10

higher, resulting in much higher signal-to-noise ratio.
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Molecular Dynamics (MD) Simulations

All MD simulations were conducted using a non-polarizable version of Atomistic Polarizable
Potentials for Liquids, Electrolytes and Polymers (APPLE&P),** which has been previously used
in the investigation of perfluorinated surfactant self-assembly in water in the presence of ethanol
or urea additives.*” >* Studied systems contained 32 PFOA surfactant+counterion pairs and 4032
H>0 molecules. This concentration (about 390 mM) is well above the CMC, as shown in
previous simulations,* >> PFOA molecules form one large micelle with association number
Nagg=32. To investigate the influence of PEO on the micelle structure, we considered a series of
systems containing 1, 2, 3 or 4 PEO chains with degree of polymerization 50 (MW=2202 g/mol),
which correspond to 2.5, 5.0, 7.5 and 10 wt% PEO in solution, respectively. Note, that direct
simulations of the polymer molecular weights used in experiments would be very challenging.
Hence, we simulated shorter chains with MW=2200 (compared to MW=10000 used in
experiments). Simulations with four PEO chains correspond to having a similar number of EO

segments per micelle as in experiments.

Initially, all molecules were randomly placed in a simulation cell with reduced density, and the
system was condensed to approximately correct density. Then, each system was equilibrated for
5 ns in the NPT ensemble using the Nose-Hoover thermostat and barostat’® to establish
equilibrium density, as well as to allow self-assembly and equilibration of PFOA and polymer
chain mixed micelle. Production runs were over 30 ns, which is sufficient for PFO" surfactants to
move around the micelle, therefore allowing sample fluctuations in micelle shape and

conformations of PEO chains. A 15 A cutoff distance was used for the calculation of van der

14



Waals potentials and the real part of Ewald summation for electrostatics interactions.®® The

SHAKE algorithm has been applied to constrain all chemical bonds.*’

15



RESULTS AND DISCUSSION

In what follows, we present experimental data and molecular scale correlations obtained from
MD simulations for aqueous PFOA+PEO systems, followed by the discussion of self-assembly

and interplay of interactions obtained from this complementary experiment/simulation analysis.

Critical aggregation concentration

In order to understand the association between PFOA and PEO in the investigated concentration
range, and to obtain critical concentrations required for SANS analysis, we measured
conductivity, pyrene fluorescence, surface tension, and viscosity for aqueous PFOA+PEO
systems as shown in Figure 1. The critical aggregation concentration (CAC) of PFOA obtained

from conductivity is 12.5 £ 0.5 mM, and from fluorescence and surface tension is 10 £ 0.7 mM.
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Figure 1. (a) Conductivity (21 °C), (b) pyrene fluorescence 11/13 ratio (22 °C), (c) surface tension (20 °C), and (d)
relative viscosity (20 °C) of aqueous PFOA+3% PEO 10000 solutions plotted as a function of surfactant
concentration. In the conductivity and surface tension plots, error bars are smaller than the size of the symbols and,
hence, not visible. The relative viscosities (11 = 1/19) for PFOA+PEQO solutions are calculated considering 1y as

the viscosity of plain water (open symbols) and as the viscosity of aqueous PEO solution (closed symbols).

The CAC value indicates that we expect association between PFOA and PEO to occur in the
concentration range where we operate. The CAC of PFOA in 3% PEO 10000 solution is lower
than the CMC in plain water (26.5 mM).*® The CAC value agrees well with the CAC of
perfluorooctanoate salts in aqueous PEO solutions reported in the literature.*®** The CAC values
of cesium perfluorooctanoate (CsPFO) (CMC = 23.4 mM) decreased as the PEO MW increased,
and reached an almost constant value of 9 mM for MW > 4600.*° The CAC values for SDS

(CMC = 8.4 mM) also decreased with PEO MW and became 4.2 mM for MW > 4600.*

The degree of counterion dissociation (o) of PEO-bound PFOA micelles estimated from the

ratios of the slopes of the straight lines fitted to conductivity data is 0.53, which is slightly higher
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than the a=0.47 value of polymer-free PFOA micelles. In agreement with this finding, o values
of PEO-bound perfluoroalkyl carboxylates micelles are greater than a of the corresponding free
micelles.***> For SDS+PEO complexes 0=0.56, while for free SDS micelles 0=0.38.%" Due to its
amphiphilicity, PEO can interact favorably (compared to water) with both PFOA headgroups and
tails. This results in a stronger tendency of micelles to form on the polymer than in solution
(CAC < CMC) and can relate to the greater counterion dissociation in polymer-bound micelles
compared to free surfactant micelles. The polymer is diluting the headgroup charges, hence less
of a need for counterion condensation, and a bigger fraction of counterions are free to come and
go in the solution, yielding a favorable entropic contribution to the Gibbs free energy of

micellization of surfactant molecules on polymer chain.*?

Information on the microenvironment of PFOA+PEO mixed micelles is obtained from pyrene
fluorescence Ii/I3 data. For the PFOA + 3% PEO 10000 system, I1/I; remains constant at low
surfactant concentrations since the surfactant is not associated and the pyrene molecules are in
the aqueous bulk solution. I1/I3 starts to decrease above 10 mM PFOA which corresponds to the
CAC, above which, PFOA forms complexes with PEO. The decrease in the Ii/I3 ratio can be
interpreted as pyrene moving from bulk solution into the hydrophobic domain of PFOA+PEO
micelles. The Ii/Iz ratio remains approximately constant in the 18 — 80 mM PFOA range and
decreases gradually above 80 mM. This constant I1/I3 at 18 — 80 mM is attributed to a complete
pyrene solubilization into the PFOA+PEO complexes.®® Similar 1i/I; trend was observed for

aqueous solutions of lithium perfluorononanoate (LiPFN) and poly(vinylpyrrolidone) (PVP).%®

The surface tension of PFOA aqueous solution (Figure Ic) starts a plateau region at 25 mM,
which corresponds to the CMC.*® The surface tension trends are more complex in surfactant +

polymer systems at fixed polymer concentration and increasing surfactant concentration.'> ¢ In
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general, the surface tension decreases and reaches a first plateau region at the CAC.** ® Upon
further increase in surfactant concentration, the surface tension decreases again above PSP, and
reaches a second plateau region which corresponds to the concentration at which free surfactant
micelles form in the aqueous solution.** ® In the case of PFOA + 3% PEO 10000, the surface
tension reached the first plateau region at 10 mM which corresponds to the CAC. This CAC
value matches that obtained from conductivity. With increasing PFOA concentration, the surface
tension gradually decreased, however, a second plateau region was not observed at the studied
concentration region (0—100 mM PFOA). This suggests that, for the PFOA + 3% PEO 10000
system, formation of free PFOA micelles will not happen even at 100 mM PFOA, and PFOA

will bind to PEO molecules throughout the 10 — 100 mM concentration region.

The relative viscosity of PFOA + 3% PEO 10000 aqueous solutions (Figure 1d) increases
slightly until 20 mM, remains constant until 50 mM, and decreases above. In general, the relative
viscosity of aqueous surfactant solutions increases with an increase in the volume fraction of the
solute. The observed decrease in relative viscosity with an increase in surfactant concentration
suggests a change in the polymer conformation. For other perfluorooctanoate salt + PEO 8000
(0.5 wt%) systems, the relative viscosity was reported to increase up to the CAC, then decrease,
reach a minimum and, at larger surfactant concentrations, increase steeply and monotonically.*°
The viscosity minimum occurred in the concentration region of an endothermic maximum
observed in ITC curves, which was ascribed to the initial coiling of the polymer around a small
surfactant cluster leading to a strained high-energy conformation, which then evolves to a more
extended conformation as the cluster bound to the polymer grows with increasing surfactant
concentration.*’*? An increase in relative viscosity at higher surfactant concentrations was not

observed here in the PFOA + 3% PEO 10000 system. This is due to the high PEO concentration
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(3 wt%) used in our study, with added PFOA binding to polymer molecules throughout the

PFOA concentration range where viscosity was measured.

The above findings prove the binding of PFOA to PEO molecules above CAC=10 mM, however
the structure and composition of the formed PFOA+PEO complexes are unknown. To resolve
this, we analyze next the structure of PFOA+PEO assemblies in solution. SANS provides direct
structural information on the PFOA+PEO complexes, whereas MD simulations provide valuable
information on the structure, interactions, and association mechanisms between PFOA and PEO

molecules. Results from atomistic MD simulations are considered first.

PFOA+PEO mixed micelle structure: Insights from MD simulations

PEO 1is water-soluble but is amphiphilic and, therefore, will experience several competing
interactions. PEO forms hydrogen bonds with water and adapts favorable polar conformations
containing large fraction of gauche conformers around the C-C bond;’® polar EO segments can
have strong electrostatic interactions with PFOA headgroups and counterions, as well as have
hydrophobic interactions with fluorocarbon tails to lower the entropy penalty by reducing the
accessible hydrophobic surface to H>O.'> 7! A delicate balance of these competing interactions
will define the PEO-PFOA self-assembly in the solution. Initially, our simulations were set up
with random distribution of PFOA and PEO chains in solution. However, as the simulation
progressed, we observe formation of a PFOA micelle with PEO chain(s) always interacting with
the micelle. Figure 2a shows a snapshot of a PFOA micelle in water (no PEO), as well as

equilibrated PFOA+PEO mixed micelles with 1, 2 and 4 PEO chains (Figure 2b, ¢, d). In the
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system with 1 PEO chain, we can see that the whole chain is tightly wrapped around the micelle.

As the number of PEO chains increases, we see more PEO segments extend into the water phase.

Radial density profiles of F atoms and PEO ether oxygens, Opko, relative to the center of mass of
the PFOA micelle are shown in Figure 2e. At r = 0, i.e., the micelle core, we see some reduction
of F atom density due to several factors: hard to define density in spherical shells with high
curvature and radius smaller than the atom size, as well as high fraction of C atoms and voids
contributing in such small volumes. Despite this reduction, there are no water molecules in the
core (not shown) and no PEO segments, as can be seen from Figure 2e. Instead, PEO segments
are distributed on the surface of the micelle, i.e., the region where the density of F atoms
decreases sharply. Similar behavior of PEO has been observed in its interaction with

6.8. 4 and computationaly.'?

hydrocarbon surfactant micelles, notably SDS, both experimentally
MD simulations have indicated that SDS+PEO association is largely driven by a mutual
reduction in hydrophobic contact with water of the hydrocarbon tails of SDS and the ethylene
units in PEO, leading to release of water molecules from the hydrophobic regions of the polymer

and micelle surface, and associated increase in the entropy of water. The propensity of ether

oxygens to remain hydrated prevents the solubilization of PEO in the micelle interior.'?

As the number of PEO chains in the system increases, the PEO density profile peak shifts to
longer distances, and higher density of EO segments is observed in the water phase. Therefore,
PEO is shielding effectively fluoroalkyl tails from contact with water. Note that, as we showed in
previous work,* in the system without PEO chains, i.e. only PFOA micelle, a significant portion
of F atoms are exposed to water (as can also be seen in Figure 2a) since the headgroups and
bound counterions are not sufficient to cover the whole micelle surface. As a result, there is

plenty of F-exposed area where PEO segments can efficiently adsorb and interact with the
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micelle. Even in the system with 4 PEO chains (which is comparable in total number of EO

segments to one longer PEO chain investigated in experiments), most PEO segments can find

space to incorporate themselves into the micelle shell.

Figure 2. Snapshots of PFOA+PEQO mixed micelles in systems with (a) no PEO, (b) one PEO chain, (c) two PEO
chains, and (d) four PEO chains. Red atoms: oxygen atoms of PFOA headgroups, blue: nitrogen atoms of
ammonium counterion, white: hydrogen atoms of ammonium, translucent green: F atoms of PFOA. PEO chains are
shown only with backbone atoms, with each chain having different color (yellow, orange, lime, pink). (e) Number
density profiles of F and Opgo atoms relative to the center of the micelle. (f) Radial distribution function g(r) of
PFOA headgroups (solid lines, left Y axis) and corresponding apparent coordination numbers CN (dashed lines,

right Y axis) as a function of distance from the headgroup.
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The exposure of PFO™ fluorocarbon tails to water molecules causes energy and entropy penalty
due to hydrophobic interactions. Therefore, the self-assembly of perfluorinated surfactants in
water tends to minimize the contact of F atoms with water by distributing ionic headgroups and
counterions on the micelle surface. Figure 2a shows that, besides the headgroups, a large fraction
of counterions (about 60%) resides at the micelle surface, often interacting with two
headgroups.*’ In the absence of PEO chains in the system, the ionic headgroups of the micelle
form cation-anion linear clusters and maintain a relatively homogeneous distribution on the
micellar surface. Figure 2f shows the radial distribution function (RDF) of Cgp2-Csp2 (carbon
atoms of headgroup) and the corresponding coordination number (CN). In the system with no
PEO chains, a peak around 6.5 A is observed in the RDF, indicating a higher-than-average
probability of finding another headgroup at that distance from the center of PFOA headgroup.
The corresponding CN shows about one headgroup within that distance, which is consistent with
the configuration depicted in Figure 2a where two headgroups can be “bridged” by ammonium
cation. However, as more PEO chains are added to the system, tighter packing of headgroups on
the micelle surface is observed. This is further supported by RDFs and CN in Figure 2f where
significant increase in the RDF peak can be seen, and the CN exceeds 2.0 within the same
coordination shell of 6.5 A. The location of the RDF peak shifts towards closer distances,
indicating a tighter packing of ionic groups on the micelle surface. The influence of PEO chains

on the PFOA micelle is consistent with a previous study of PEO with an SDS micelle.!?

The observed condensation/segregation of PFO™ headgroups following addition of PEO chains

would likely affect the micelle shape. To characterize changes in micelle shape, we have
analyzed the gyration tensors of the PFOA micelle, defined as Sy; = % < YN mk;l; >, where

N is the number of all atoms of PFO™ molecules comprising the micelle (ammonium counterions
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are not included); ki, /;, are x, ), z coordinates of atom i relative to the position of the micelle
center of mass; m; is the atomic mass of atom i; M is the total mass of the micelle; and < >
defines averaging over multiple snapshots obtained from simulation trajectories. The calculated
Sk components are reported in Table 1. In the system without PEO chains, the PFOA micelle has
slightly oblate shape, with the largest dimension about 40% larger than the smallest. As PEO
chains are added in the system, the smallest component, Sxx, remains unchanged, while two other
components increase by 50%, indicating an oblate shape of the micelle. Note that, in MD
simulation, the micelle association number remains the same and, hence, the reported changes in
micelle shape do not take into account possible changes in the micelle association number which

can adjust upon addition of PEO (see discussion of SANS data below).

Table 1. Gyration tensor of PFO micelle as a function of PEO content.

System Sxx [A?] Syy [A%] S..[A%] m
No Polymer 31.0 429 64.3 1.44
1xPEOs0 33.0 48.0 70.6 1.46
2xPEOs0 36.8 51.6 84.1 1.51
3xPEOso 36.2 63.4 96.1 1.63
4xPEOs0 35.9 64.3 96.9 1.64

PFOA+PEO mixed micelle structure: SANS evidence
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The MD simulation results discussed above provide valuable information on the arrangement of
PFOA and PEO segments within PFOA+PEO mixed micelles, and the shape of the micelles. In
what follows we integrate such knowledge of composition and shape into the analysis of SANS
data, in order to obtain quantitative information on the size and structure of PFOA+PEO mixed
micelles. SANS intensity has been recorded for aqueous 3% PEO 10000 solutions (no surfactant
added), aqueous 33 mM or 110 mM PFOA solutions (no polymer added), and aqueous PFOA +
3% PEO10000 solutions at 33 and 110 mM PFOA. In the absence of ionic surfactant, scattering
from 3% PEO 10000 does not show any correlation peak (Figure 3). However, upon addition of
33 or 110 mM PFOA a pronounced peak appears, which suggests a polyelectrolyte behavior
owing to repulsive interactions between the bound micelles. Note that in the scattering profiles
from both 110 mM PFOA (no polymer present) solution and 110 mM PFOA+3% PEO solution,
the correlation peak falls at the same Q value, which indicates the same intermicelle distance in
both systems. As discussed below in this section, at 110 mM PFOA + 3% PEO 10000, almost all
PEO molecules are bound to PFOA micelles (one PFOA micelle per PEO 10000 chain) and the
average distance of the polymer molecules in solution obtained is the same as the intermicelle
distance. Hence, we can conclude that the peak corresponds to correlation between PEO+PFOA
mixed micelles. According to Figure 3, the overall scattering intensity from 33 mM or 110 mM
PFOA + 3% PEO 10000 (I33 mM Proa+3% PEO10000 O I110 mM PFOA+3% PEO10000) Which includes
contributions from both surfactants and polymers in solution is very different from the intensity
resulting from the algebraic summation of the individual component scattering, i.e., PFOA alone
and PEO alone (I33mMm or 110 mM PFoa + I3% pEO10000). This comparison suggests altered polymer
conformation or surfactant micelle structure in PFOA+PEO complexes from their original states

in water. This 1s consistent with observations from MD simulations which showed that PEO
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chains adjust their conformations to partition at the micelle/water interface. Quantitative
information on the structure of PFOA+PEO complexes is obtained by analyzing the scattering

profiles of 33 mM + 3% PEO 10000 or 110 mM PFOA + 3% PEO 10000.

N [

O l110 mM PFOA + 3% PEO10000 %
= A 33 mM PFOA + 3% PEO10000
=== 1110 mM PFOA + l3% PEO10000

== lamw proA + la% pEO10000 (8

o @) (em™)

- © la3% PEO10000
0 hiommProAy
<= |33 mm PFOA
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Figure 3. SANS absolute intensity profiles of 33 mM and 110 mM PFOA in 3% PEO10000 DO solutions at 22 °C,
corrected for D;O scattering. The intensities of 110 mM and 33 mM PFOA are added to the intensity of 3%
PEOI10000 (all three are corrected for D;0) and compared with the original intensities measured for 33 mM and

110 mM PFOA in 3% PEO10000.

Table 2 summarizes important parameters obtained by fitting 33 mM PFOA + 3% PEO 10000
and 110 mM PFOA + 3% PEO 10000 SANS intensities, corrected for solvent (D,0O) scattering,
using the correlation length + core shell ellipsoid Hayter MSA model, considering one PFOA
micelle bound to one PEO chain and scenario 2 (1 CF2 group of PFOA located in the micelle

shell). Also shown are parameters obtained by fitting SANS data of 110 mM PFOA in D;O,
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corrected for solvent (D20) scattering, using the core shell ellipsoid Hayter MSA model. Figure

4 shows SANS experimental data and fits to the above models.

Table 2. Parameters obtained by fitting SANS data of 33 mM PFOA + 3% PEO 10000 in D:;O corrected for solvent
(D:0) scattering using correlation length + core shell ellipsoid Hayter MSA model and parameters obtained by

fitting SANS data of 110 mM PFOA in D;O corrected for solvent (D;0) scattering using core shell ellipsoid Hayter

MSA model.
Crroa Vreeo, | Voo,
Nage o b (A) € 5 (A) Ngo f dA) | Lek | X
(mM) shell shell
With PEO (3 wt%)
40.8 0.23 2.98 9.42 144 0.63 19.3 71.9
33 9.84 1309 | 0.55 | 1.3
(#1.0) | (£0.007) (#0.07) | (£0.12) | (£4.4) | (£0.02) | (£0.7) | (£1.8)
334 0.36 2.44 9.72 142 0.62 20.7 71.6
110 9.84 82.7 | 095 | 1.6
(£0.6) | (£0.007) (£0.04) | (£0.06) | (£2.5) | (£0.01) | (£0.4) | (£1.1)
No PEO
30.0 0.27 1.73 85.0
110 11.14 4.12 0 0 0 82.7 | 0.09 | 2.5
(£0.2) | (£0.004) (+0.01) (+0.8)

Crroa is the PFOA concentration, Nge micelle association number, o fractional charge or charge per surfactant
molecule in a micelle, b micelle core minor radius, € ratio of micelle core major to minor axis, ¢ shell thickness, ngo
average number of ethylene oxide monomers of PEO homopolymer in the micelle shell, f fraction of PEO
homopolymer in the micelle shell (ratio of ngo and total number of ethylene oxide monomers per PEO 10000
homopolymer, Vpeosheil percentage of micelle shell volume occupied by PEO, Voo shet percentage of micelle shell
volume occupied by D,0O, d inter-micelle distance, and Ipex intensity at the correlation peak maximum. y° is a
statistical parameter that quantifies the differences between the calculated and experimental SANS data set. The
uncertainties in the major parameters (shown in parenthesis) are calculated by applying propagation of errors using

statistical uncertainties of the fitting parameters.
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Figure 4. SANS experiment data and fits to the Correlation length + Core shell ellipsoid Hayter MSA model for
(a) 33 mM PFOA + 3% PEO 10000 in D;O and (b) 110 mM PFOA + 3% PEO 10000 in D;O; SANS experiment
data and fits to the core shell ellipsoid Hayter MSA model for (c) 110 mM PFOA in D,O. Markers represent

SANS absolute intensity profiles and solid line represents model fits to the data.

The physical picture that emerges for a PFOA+PEO mixed micelle formed at the lower PFOA
concentration considered here, 33 mM, is that of a core-shell ellipsoid comprising an average of
41 PFOA molecules bound to one PEO 10000 molecule. The micelle core consists of only PFOA
alkyl chains, while the micelle shell consists of PFOA CF, groups (4 vol%), headgroups and
counterions (5 vol%), EO segments of the PEO chain (19 vol%), and hydration water (72 vol%).
The core minor radius is 9.8 A, the ratio of core major to minor axis is 3.0, the shell thickness is
9.4 A, and the fractional charge on the micelle is 0.23. At 33 mM PFOA, 144 EO segments

reside in the PFOA micelle shell, which constitute 63% of the PEO 10000 chain.
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The PFOA+PEO mixed micelles formed at the higher PFOA concentration, 110 mM, are core-
shell ellipsoids comprising an average of 33 PFOA molecules bound to one PEO molecule,
which is 18% less compared to mixed micelles formed at 33 mM PFOA. Upon a PFOA
concentration increase from 33 to 110 mM, ¢ decreased by 18%, i.e., the micelles became less
elongated, while the fractional charge increased by 56%. The compositions of the micelle core
and micelle shell at 110 mM PFOA are the same as in the 33 mM case; also the fraction of the

PEO chain residing in the micelle shell.

Both scenario 2 (the results of which are discussed above) and scenario 1 (no CF2 groups in the
micelle shell; results presented in the SI document) show the PEO-bound PFOA micelles to be
more elongated than free PFOA micelles, in agreement with MD simulations, and the key
features/conclusions remain unchanged. Scenario 1 gives slightly higher Nagg and slightly lower
ngo and f values compared to scenario 2, but the equivalent spherical micelle radius (Req = 23.5
A) is the same for both scenaria. Both SANS fits (Table 2) and MD analysis (Table 1) conclude
on an ellipsoidal shape for the PFOA+PEO mixed micelles; SANS suggests prolate ellipsoids
while MD prolate ellipsoids, possibly due to the different association numbers and PEO

molecular weight in the experiments and modeling.

In order to estimate the fraction of PEO 10000 molecules which are not associated with PFOA

micelles in the bulk aqueous solution, we first obtained the radius of gyration (Rg = V2 &) value
from the correlation length (&). For 33 mM PFOA + 3% PEO 10000, the & value obtained from
fitting equation 1 to SANS intensity profile is & = 16.0 A and Ry = 22.6 A, which is the same as
the radius of gyration of 3% PEO 10000 in plain water (R; = 22.4 A). For 110 mM PFOA + 3%
PEO 10000, £ = 12.3 A and Ry = 17.4 A, which is 28% lower than the radius of gyration of 3%

PEO 10000 in plain water. From the micellized PFOA concentration (Cproa — CAC) and the
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micelle association number, we can estimate the number of micelles in solution. Taking one PEO
chain per PFOA micelle, we estimate the number of PEO molecules not associated with PFOA
micelles in solution. At 33 mM PFOA + 3% PEO 10000, 19% of PEO molecules are bound to
PFOA micelles, while the remaining 81% are separate from PFOA micelles, in the bulk aqueous
solution. At 110 mM PFOA + 3% PEO 10000, however, almost all PEO molecules are bound to
PFOA micelles. From Rg we calculate the volume of a sphere with R, radius which corresponds
to the hydrated volume of a PEO molecule not associated with PFOA micelles. From this
hydrated volume and the number of PEO molecules left outside PFOA micelles, we estimate the
volume fraction of PEO molecules left outside PFOA micelles in solution, @,,;,. From the
volume of PEO-bound PFOA micelles, volume of EO segments of micelle-bound PEO chain
residing in bulk solution, and number of micelles in solution, we estimate the volume fraction of

PFOA+PEO complexes in solution, @ompiex- The volume fraction of the solute (polymer +
micelles) in water is given by @ = @41, + Dcompiex- At 33 mM PFOA + 3% PEO 10000, @ =
Dpoty T Deompiex = 0.0977, while the volume fraction of the “dry” (not hydrated) mass of
surfactant and polymer present in water is @4, = 0.0388. At 110 mM PFOA + 3% PEO 10000,
D = Bpoty + Deomprex = 0.1298, and @4, = 0.0564. With the increase in PFOA concentration
from 33 to 110 mM, the volume fraction of the “dry” mass in water @4, increased by 45% and

the hydrated volume fraction of the solute (polymer + micelles) in water increased by 33%. It
should be noted that throughout the calculations we assumed the average number of water
molecules hydrating an EO segment in PFOA+PEO complexes to be the same as the number of
water molecules hydrating an EO segment in 3% PEO 10000 in water in the absence of
surfactant. While some EO segments replace water at the surface of the micelle core, the micelle

shell is highly hydrated and EO segments can still make H-bonds with water.
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To validate the outcome from SANS fits that PFOA+PEO mixed micelles (i.e., PFOA micelle
bound to a single PEO chain) coexist with PEO molecules free in the aqueous solution, we
estimated the average distance of the polymer molecules in solution obtained as (YNa/My)™! =
82.1 A (N4 is the Avogadro number, My polymer molecular weight, y is the concentration of
polymer in g/cm? units).!! At 110 mM PFOA + 3% PEO 10000, almost all of PEO molecules are
bound to PFOA micelles and the average distance of the polymer molecules in solution obtained
is the same as the intermicelle distance 82.7 A. This indicates that the distance between two
adjacent micelles is the same as the average distance of the adjacent polymer molecules, which
means one PFOA micelle per PEO 10000 chain. At 33 mM PFOA + 3% PEO 10000, 19% of
PEO molecules are bound to PFOA micelles, while the remaining 81% of PEO molecules are
separate from PFOA micelles, in the bulk aqueous solution. In the case of 33 mM PFOA + 3%
PEO 10000, the average distance of the polymer molecules bound to PFOA micelles in solution
obtained as (yNa/Myw) "3 = 142.7 A (y is the concentration of polymer bound to PFOA micelles
in g/cm® units), is close to the intermicelle distance 130.9 A, indicating that our assumption is

valid.

Compared to free PFOA micelles (¢ = 1.7), PEO-bound PFOA micelles (¢ = 2.4) are elongated
by 41%, which is qualitatively consistent with gyration tensor changes obtained by MD
simulations. The association number of PEO-bound PFOA micelles at 110 mM PFOA is 10%
greater compared than that of free PFOA micelles at the same PFOA concentration. The
fractional charge of PEO-bound PFOA micelles (o = 0.36) at 110 mM PFOA is also greater by
33% compared to that of free PFOA micelles (o0 = 0.27). This is in agreement with the higher
degree of counterion dissociation a values obtained from conductivity for PEO-bound PFOA

micelles compared to free PFOA micelles. SANS analysis gives the percentage of the micelle
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(coretshell) volume occupied by water in PFOA+PEO complexes to be 59%, while in free
PFOA micelles it is 48%. The lower water content in free PFOA micelles suggests a more
hydrophobic environment. This is consistent with pyrene fluorescence results: 1i/I; ratios of

PFOA+PEO complexes are greater than I/13 ratios of free PFOA micelles (Figure 1b).

We compare now the size and shape of fluorocarbon surfactant PFOA+PEO mixed micelles to
that of hydrocarbon surfactant SDS+PEO mixed micelles. On the basis of the SANS and MD
analysis presented here, PEO-bound PFOA micelles are more elongated and slightly bigger in
association number (Nage = 33.4, € = 2.4) compared to free PFOA micelles (Nagz = 30, € = 1.7) at
the same surfactant concentration (110 mM). However, such elongation is not observed in PEO-
bound SDS micelles compared to free SDS micelles. A SANS study on SDS + 0.5 wt% PEO
90000 in water has reported that, at 30 mM SDS, the size and shape of PEO-bound SDS micelles
(Nage = 79,b=16.7 A, £ = 1.4) are similar to those of free SDS micelles (Nage = 76, b=16.7 A, ¢
= 1.4).° In the SDS + PEO 90000 system, the molecular weight of the PEO bound per micelle is
found 15,000,° and in SDS + PEO 135000 complexes formed at polymer saturation, the PEO
MW per micelle is 13,500.% Whereas in both of these SDS + PEO systems the PEO MW is much
higher than the one we use in this study, the PEO part (MW) per SDS+PEO mixed micelle is
consistent with the PEO MW per micelle for our PFOA + PEO 10000 mixed micelles. Key
properties of polymer-free PFOA and SDS micelles and of PFOA+PEO and SDS+PEO mixed

micelles for are presented in Table 3.

Table 3. Comparison between properties of PFOA (110 mM) and SDS (30 mM) micelles in D;O, and properties of
mixed micelles 110 mM PFOA + 3 wt% PEO 10000 and 30 mM SDS + 0.5 wt% PEO 90000 in D;O. Data for SDS

systems are from reference.’
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CAC (mM) | CMC (mM) | Nage o bA) |e
PFOA micelles 26.5 30 0.27 11.14 | 1.73
SDS micelles 7.8 76 0.14 16.7 1.4
PFOA+PEO mixed micelles | 1.5 33.4 0.36 9.84 2.44
SDS+PEO mixed micelles 422 79.4 0.08 16.7 1.4
@ from Ref*
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CONCLUSIONS

This study provides fundamental insights on association of fluorinated surfactants with polymers
in aqueous solution, with an aim to support the design of polymer-based PFAS-adsorbent
materials. To this end, the formation and structure of complexes between perfluorooctanoic acid
ammonium salt (PFOA) and poly(ethylene oxide) (PEO) (MW=10,000) are obtained from

analysis of complementary experimental measurements and atomistic MD simulations.

PFOA binds to PEO at a CAC of 10 mM which is lower than its CMC in water (26.5 mM). The
PFOA+PEO mixed micelles are ellipsoid in shape and comprise 33 PFOA molecules (at 110
mM) bound to one PEO 10000 molecule. The PFOA+PEO mixed micelles have 10% higher
association number and are 40% more elongated compared to polymer-free PFOA micelles at the
same PFOA concentration (110 mM). In agreement with these results from SANS, gyration
tensor changes observed in MD simulations also reveal elongated PFOA+PEO mixed micelles.
PFOA+PEO complexes offer a less hydrophobic environment than free PFOA micelles
according to pyrene fluorescence results and the percentage of the micelle volume occupied by
water in PFOA+PEO complexes (59%) or free PFOA micelles (48%) obtained from SANS. The
PFOA+PEO mixed micelle composition remained the same at 33 and 110 mM PFOA, but the
association number decreased, and the micelles became less elongated when the PFOA
concentration increased from 33 to 110 mM. At both 33 and 110 mM, 62% of a PEO 10000
chain reside in the PFOA micelle shell, and the remaining segments of this PEO molecule are
tangling out in the solution. At 33 mM PFOA + 3% PEO 10000 aqueous solution, 81% of PEO
molecules are not associated at all with PFOA micelles, while at 110 mM PFOA + 3% PEO

10000, almost all PEO molecules are bound to PFOA micelles.
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PFAS surfactant binding to PEO is not due to any favorable enthalpic interactions involving
fluorocarbon. This has practical implications, as the use of fluorinated functionalities in polymer
materials that are designed to bind PFAS 7> 73 has raised concerns due to the potential release into
the environment of additional PFAS compounds associated with said materials. PEO, on the
other hand, is a rather innocuous and low-cost polymer. PEO binding to PFAS surfactants is
facilitated by interactions at the micelle surface. In polymer-free PFOA micelles, a significant
portion of F atoms are exposed to water. Both MD and SANS results have shown that PEO
chains adjust their conformations to effectively partition on the micelle surface where they shield
fluorocarbon from contact with water. MD simulations have shown that PEO chains do not
penetrate into the PFOA micelle interior. In the PFOA+PEO mixed micelles, a tighter packing of
ionic headgroups on the micelle surface is observed compared to relatively homogeneous
distribution of headgroups in polymer-free PFOA micelles. SANS and conductivity results have
shown that the degree of counterion dissociation (o) of PEO-bound PFOA micelles is greater

than that of free PFOA micelles.

This is the first study to probe the structure of polymers bound to fluorinated surfactants. Further,
this is one of very few studies using MD to probe surfactant micelle+polymer interactions.
Knowledge of fluorinated surfactant + polymer association in aqueous solutions supports the
molecular design of adsorbent materials for selective PFAS sequestration from aqueous media.
This study provides valuable information on the interactions and conformation at the
atomistic/molecular level of ionic surfactants binding to water-soluble polymers, which are
important in achieving product performance of aqueous surfactant- and polymer-based
formulations. MD simulations allow for exploration of polymer relative hydrophilicity/

hydrophobicity, and predictions on how different polymers will interact with surfactants.
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Supporting Information: Additional details on experimental techniques and SANS data

analysis.
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