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contribute to colloidal stability while at pH 6, even with the addition of charge-screening cations, PAA prefers to
be solvated in water and does not form stable oil droplets.

1. Introduction

Small oil droplets (on the order of 100s of nm in diameter) sus-
pended in aqueous solution require high energy mixing for formation
and are thermodynamically unstable, resulting in phase separation over
time [1-4]. Making kinetically stable emulsions and understanding the
mechanism of oil droplet stability has far reaching implications, from
the development and enhancement of new cosmetic products, to the
efficacy of drug delivery systems and oil spill remediation formulations
[5-7]. Traditionally, kinetically stable oil droplets with diameters of
20-200 nm are classified as nanoemulsions while larger droplets with
diameters of 200-1000 nm in diameter can be referred to as mini-
emulsions [8]. Regardless of the size, surfactant-coated emulsions are
useful laboratory analogues for modeling commercially-used disper-
sants that reduce the surface tension of a large oil patch and enable the
formation of stable, small oil droplets that are continuously distributed
by waves and eventually biodegraded by marine microbes [9]. Beyond
oil remediation, the curved interface of emulsions have proven to be of
interest to measure molecular packing behavior as compared to planar
interfaces. The Richmond/Scatena lab and others have postulated that
the geometry of the interface and the thermodynamic instability of
emulsions are responsible for the observed differences in molecular
orientation and conformation at the two interfaces [10-14].

While non-toxic surfactants are useful for environmental applica-
tions, the introduction of proteins as colloid stabilizers have the poten-
tial to encapsulate and selectively deliver hydrophobic drugs [15-19]. It
is hypothesized that colloids are stabilized by protein coronas through
steric hinderance or, in other words, a thick protein shell prevents
droplets from coalescing. While recent work using 2D-IR spectroscopy
and sum frequency scattering spectroscopy have investigated the
newfound importance of protein-stabilized colloids, the molecular
conformation and detailed mechanism of stability remain difficult to
probe due to the complicated nature of long-chain proteins and their
resulting coronas [20,21].

Polyelectrolytes are useful analogues for studying protein coronas as
both macromolecules have varying functional groups along a repeating
backbone, a nuanced folding or coiling structure with the ability to
hydrogen bond or form secondary structures, and charge localization
along the chain dictated by environmental pH. Yet, polyelectrolytes are
often easier to study than proteins due to their known monomer units
and simple tunability of molecular weight, percent protonation, and
secondary structure. In addition to their pH-dependent behavior in bulk
solution, acids and polyelectrolytes adsorbed at interfaces are known to
have a surface pK, ~1 unit more alkaline than the bulk pK, due to
interfacial solvent dielectrics reducing the solvation energy of the acid
functional groups [22-27]. This pH-dependence is critical for materials
such as polyelectrolyte coarcervates, where stabilization across a variety
of conditions can be a challenge [28,29]. Poly(acrylic acid) (PAA, Fig. 1
inset) is a simple polyelectrolyte that can mimic protein behavior at

interfaces. PAA, which contains a single carboxylic acid repeating
group, can expand in solution when deprotonated or hydrogen bond
with itself to form coils when protonated and is a useful material in
forming zwitterionic polymer coarcervates [30-34]. Through
pH-dependent zeta potential measurements (see Supporting Informa-
tion) the interfacial pK, of PAA at the hexadecane/water emulsion
interface was determined to be ~5.3, about 0.8 units more alkaline than
the bulk pK, (Fig. 1). Therefore, studying the pH-dependent conforma-
tional behavior of PAA adsorbed at the emulsion interface can provide
insight into droplets stabilized by pH-sensitive protein coronas as well as
a detailed understanding of the mechanisms of colloidal stability.
The adsorption behavior of PAA without the addition of a surfactant,

has been studied at both the planar CCly/water and air/water interfaces
using vibrational sum frequency spectroscopy (VSFS). These studies
found that in conditions above the pK, (pH >4.5), the polymer is
interfacially inactive, but the addition of charge-screening cations pro-
motes adsorption of the polymer to the interface [11,35-38]. Below pH
4.5, the polymer is interfacially active and exhibits a well-ordered
structure as evident by strong CH and C—=O0 VSFS spectral features. At
a planar interface, molecular dynamics are thermodynamically deter-
mined by equilibrium surface activity and surface-active molecules
develop a stable configuration given time. On the other hand, emulsions
require the input of external energy to form droplets resulting in a
kinetically trapped interface [2,8]. During the formation of emulsions,
surface-active molecules initially adsorb to the interface via ultra-
sonication but subsequently adsorb/desorb through equilibrium ther-
modynamics after formation of the curved interface. Thus, the
conformational ordering of interfacial molecules adsorbed to emulsions
is dictated by the thermodynamic equilibrium of molecular adsorption
and the kinetic energy encouraging the platform of these colloids to
destabilize and coalesce. Stabilization of emulsions is best described by
the theory developed by Derjaguin, Landau, Verwey, and Overbeek
(DLVO) which states that both electrostatic and steric repulsion prevents
droplet coalescence and keeps the emulsions in a kinetically trapped
state [2,8,39,40]. Reports of emulsions coated with solid polymer par-
ticles (such as Pickering emulsions) [41], nanoparticles with a polymeric
coating [42], and emulsions formed with surfactant/polymer mixtures
[43] suggest unique behavior at curved hydrophobic interfaces as
opposed to their planar counterparts. While there have been reports of
emulsions stabilized with polymer alone, observed through Janus par-
ticles [44] or magnetic nanoemulsions [45], and specifically emulsions
coated with diblock copolymers [46,47], they lack insight into the
detailed mechanism of stability promoted by polymers or the molecular
level information to provide a structural understanding of the droplet
interface.

Here, we demonstrate the stability of emulsions coated with PAA and
provide a picture of polymer molecular conformation with the surface-
specific vibrational sum frequency scattering spectroscopy (VSFSS).
Despite the lack of surface charge thought to be necessary for droplet
stabilization, PAA-coated emulsions prepared at pH 2 are stable and
exhibit interfacial polymer ordering. Surprisingly, the highly charged
pH 6 polymer does not stabilize emulsions and exhibits no molecular
organization. With the addition of salt, we observe charge screening at
the interface and a disruption to polymer ordering because of localized
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Fig. 1. Chemical structure of poly(acrylic acid) and percent protonation curve
as a function of pH for surface (solid, orange line) and bulk (dotted, purple
line). Percent protonation was calculated with the Henderson-Hasselbalch
equation, the known bulk pK, (4.5), and the experimentally derived interfa-
cial pK, (5.3).
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electrostatics. We propose that emulsions are stabilized through the
steric hindrance of an adsorbed PAA layer, whose molecular confor-
mation and charge-dependent behavior can provide insight to protein
corona-stabilized droplets and their application as drug delivery
vehicles.

2. Experimental
2.1. Materials

All materials were used as delivered without further purification.
Hexadecane (>99 %), dioctyl sodium sulfosuccinate (AOT, >97 %),
poly(acrylic acid) (PAA, average M, ~ 450,000), calcium chloride
(CaCly, anhydrous, >97 %), magnesium chloride (MgCly, anhydrous,
>98 %), sodium chloride (NaCl, BioXtra, >99.5 %), and ammonium
chloride (NH4Cl, ACS reagent, >99.5 %) were purchased from Sigma-
Aldrich. Deuterated hexadecane (n-hexadecane-dss4, 98.6 % D), so-
dium deuteroxide (NaOD, 99.5 % D), and deuterium chloride (DCI,
99.8 % D) were purchased from CDN Isotopes. Deuterium oxide (D50,
99.9 % D) was purchased from Cambridge Isotope Labs. All glassware
was copiously cleaned in a bath containing sulfuric acid (98 % Sigma-
Aldrich) and AINOCHROMIX oxidizer from Godax Laboratories Inc.
After sitting in the acid bath for at least 24 hours, glassware was rinsed
for at least 2 min. with 18.2 MQ-cm water and dried in an oven.

2.2. Emulsion formation

Emulsions consisting of hexadecane (or d-hexadecane) suspended in
water (or D20) were prepared by ultrasonication (Branson Sonifier 250)
of the sample at 5 % output power (~12.5 %) at 20 kHz for 5 minutes at
a constant duty cycle. The ultrasonication probe tip was placed at the
interface of the aqueous solution and oil layer to ensure homogenous
mixing. The AOT-coated emulsion standard was formed by ultra-
sonicating AOT stock solution with oil to give a 1 mM AOT emulsion
with 2.5 % v/v oil in water. PAA-stabilized emulsions were formed in
the same fashion with DCI or NaOD added to reach the desired pD (pH).
Emulsion pH was measured using MilliporeSigma MColorpHast pH
strips and an Oakton Instruments Portable Meter Kit. The detection of
pH values can differ from pD values by 0.43 [48], however for ease of
communication, pH is used in this paper.

2.3. Dynamic light scattering and zeta potential

Emulsion hydrodynamic diameter (Z-average), polydispersity index
(PDI), and zeta potential were measured by a Malvern Zetasizer Nano
ZS. Details regarding the theory and practice of dynamic light scattering
(DLS) and zeta potential can be found elsewhere [49,50]. From DLS
measurements, hydrodynamic diameter and PDI was reported from an
average of at least three measurements. DLS and zeta potential mea-
surements were collected by pipetting 1 mL of emulsion solution into a
Malvern folded capillary zeta cell, therefore maintaining consistent v/v
oil concentrations. Zeta potential values were reported from an average
of at least five measurements. Determination of the surface pK, using
zeta potential measurements is detailed in the Supporting Information
(Figure S1) and follows a procedure developed by Haes et. al. [51]

2.4. Vibrational sum frequency scattering spectroscopy

Vibrational sum frequency scattering spectroscopy (VSFSS) is a
second-order non-linear spectroscopic technique that provides infor-
mation on the population and molecular ordering at curved interfaces.
Rigorous theory describing sum frequency generation (SFG) can be
found elsewhere, but in general, symmetry considerations under the
electric dipole approximation dictate that an SFG response is forbidden
in bulk media and only occurs at a non-centrosymmetric environment,
such as an interface [52,53]. The VSFSS experimental setup used here

has been described thoroughly in other publications from the Rich-
mond/Scatena laboratory [14,54]. Briefly, a Ti:Sapphire regenerative
amplifier laser (Coherent Libra) generates an 800 nm, ~80 fs funda-
mental pulses with a 1 kHz repetition rate. A portion of that beam is used
as the visible pulse while the remaining is sent through an optical
parametric amplifier (Coherent OPerA Solo) to generate a broadband
infrared (IR) beam through difference frequency generation. The visible
and IR pulses are then directed along a series of mirrors, lenses, and
polarizers to become spatially and temporally overlapped at the sample
stage. The sample cell is composed of a CaF, window in the front and a
quartz cuvette in the back (Helma QS) with an optical path length of
200 um. The IR beam is focused at the sample to a spot size of ~80 um
with a parabolic gold mirror, while the visible beam is focused right
after the sample cell to a ~500 um spot size. The scattered SFG response
is collected at an angle of ~60°, collimated with a plano-convex lens,
and focused into a spectrograph and accompanying charge-coupled
device intensifier (Princeton Instruments IsoPlane SCT320 and
PI-MAX4). For all experiments, the visible pulse energy was 25 pJ while
the IR pulse energies were 2-3 pJ and 5 pJ for the C=0 and C-H
stretching regions, respectively.

2.5. Data analysis and spectral fitting

To account for daily fluctuations in laser power, a single trace in a
figure is the result of at least 3 averaged trials across different days. One
trial consists of 2 signal and 2 background measurements. Each trial is
averaged, background subtracted, and normalized by a non-resonant
response from KNbOj to account for changes in IR spectral shape. In
the C-H region, spectra are further normalized by the integrated SFG
intensity (from 2800 to 3000 cm’l) generated from a d-hexadecane
emulsion in D,O stabilized with 1 mM AOT. Each trial is further
normalized by the size of the droplet (determined by a monomodal
distribution from DLS) through a scattering pattern developed by Roke
et. al. that accounts for the percentage of scattered signal collected at 60°
which is dependent on droplet size and beam polarizations [55,56].
More details on the normalization procedure for VSFSS utilized in the
Richmond/Scatena laboratory can be seen in a previous publication
[54].

In VSEFSS, the intensity of the scattered SF response is proportional to
the intensities of the incoming visible and IR beams (Ijrl;) and the
square modulus of the second-order nonlinear susceptibility (X®)). The
X@ has non-resonant and resonant terms which are accounted for in the
fitting Eq. (1) as developed by Bain et al.
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where the amplitude of the non-resonant susceptibility is described by

X;VZ}% with a phase ¢ [57]. The summation of all vibrational transitions
that are SFG active describes the resonant susceptibility, where A, is the
peak amplitude, ¢ is the phase, I'; is the Lorentzian linewidth describing
homogenous broadening, and I, is the Gaussian linewidth describing
inhomogeneous broadening. Eq. 1 is used to fit all experimental spectra.
Tables S2-S7 list the fitting parameters used in this paper.

3. Results and discussion
3.1. Impact of PAA concentration

Emulsions were formed with concentrations of PAA ranging from
1 ppm to 4000 ppm in the natural pH conditions of PAA (pH 4) and

measured by dynamic light scattering and zeta potential (Fig. 2). For
context, previous experiments at the CCly/water interface used 5 ppm
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Fig. 2. Characteristics (hydrodynamic diameter, polydispersity index, and zeta potential) of emulsions coated with varying amounts of PAA at pH 4. Points shaded

orange indicate 500 ppm PAA.

PAA while air/water interface experiments used 4500 ppm [11,35].
Figure S2 and Table S1 demonstrate that emulsions prepared at or below
250 ppm PAA were unstable after 1 week. Bare emulsions (those
without deliberately added surface active agents) are known to have a
negative zeta potential due to miniscule amounts of surface active
contaminants [58,59]. The zeta potential of our hexadecane/water
emulsions (-32 mV) suggest minor surface active impurities. The pres-
ence of these impurities were identified in previous emulsion studies
from our laboratory that employed meticulous and extensive cleaning
procedures to minimize their presence [59]. After PAA addition, the
polymer is much more surface active than the impurities and displaces
any contaminants that contributed to the negative surface charge. As
additional PAA is added, charge screening and hydrogen bonding causes
a reduction in the magnitude of the zeta potential.

At a concentration of 500 ppm, PAA-stabilized emulsions exhibit
good colloidal stability, moderately polydisperse size distributions, and
a highly charged surface layer as indicated by the orange shaded points
in Fig. 2. Additionally, as confirmed by pendant drop surface tensiom-
etery, discussed in the Supporting Information and Figure S3, PAA ad-
sorbs to the hexadecane/water interface at a concentration of 500 ppm.
Emulsions formed using 250 ppm PAA and below resulted in unstable
droplets presumably due to a lack of surface population. Despite a
remarkably high magnitude zeta potential (>30 mV) emulsions stabi-
lized with 100 ppm PAA or below are unstable and crash out quickly
after formation, likely due to a thin or completely absent polymer layer.
While the addition of PAA at concentrations above 500 ppm leads to
more stable emulsions, as indicated by the long-term stability, signifi-
cant charge screening occurs making them difficult targets for
measuring the interplay between electrostatics and steric repulsion
when salt ions are added. The slight increase in emulsion size and
reduction in zeta potential with increasing concentration of PAA is due
to polymer layering at the surface which extends the hydrodynamic
diameter and charge screens the surface as is consistent with other
polymer-layering studies [46,60-62]. Emulsions stabilized with
1500 ppm PAA or higher have a low zeta potential (~-7 mV) and are
colloidally stable up to a week, solidifying the observation that sterics
alone are enough to stabilize emulsions. Due to the desire to study the
impact of surface charge screening, the emulsions used in this paper are
formed with 500 ppm PAA as they have long-term colloidal stability, are
moderately polydisperse and have appreciable interfacial charge.

3.2. Emulsions stabilized by PAA alone
Emulsions coated with 500 ppm PAA were formed at pH 2, pH 4, and

pH 6 via ultrasonication of 2.5 % v/v hexadecane in water. Pendant
drop surface tensiometery measurements indicate that high amounts of

PAA adsorb to the hexadecane/water interface at pH 2 and pH 4 while
little adsorption is observed at pH 6 (Figure S3). Emulsions at pH 2 and
pH 4 maintained colloidal stability after one week, as evident by their
visual turbidity, while pH 6 oil droplets phase separated (Figure S4).
Dynamic light scattering of pH 2, pH 4, and pH 6 colloids measured
20 minutes after formation revealed hydrodynamic diameters of 477.7,
363.2, and 761.0 nm, respectively, demonstrating that the average size
of emulsions prepared at pH 2 and 4 are in the nanosized regime while
pH 6 emulsions are inherently larger. Narrow, monodisperse colloids
have a PDI < 0.1, while polydisperse systems have a PDI > 0.1 [63].
Moderate polydispersity is defined by a PDI from 0.1 to 0.4 and de-
scribes the pH 2 and pH 4 emulsions studied here (PDIs of 0.247 and
0.272, respectively), while the pH 6 emulsions have broad poly-
dispersity (PDI of 0.628). Similarly, size distribution plots from DLS
measurements are monomodal for emulsions at pH 2 and pH 4, but
multimodal for pH 6 (Figure S5). Table S2 lists the PDI of each emulsions
system studied by VSFSS which are in line with recent studies on
emulsion formulations [46,64-66]. To be acceptable for drug delivery
applications, monodisperse colloids are defined to have a PDI < 0.3
while polydisperse systems have a PDI > 0.3, however stricter criterion
of monodispersity may require a PDI < 0.1 [8,67,68]. The zeta potential
of pH 2 emulsions was measured to be only —3.08 mV, while at pH 4
zeta potential measurements reveal a charge of —23.4 mV. At only
16.7 % protonation of PAA at pH 6 (Fig. 1), oil droplets have a signifi-
cantly charged interface with a zeta potential —45.0 mV. Doping-in acid
or base to an emulsion initially prepared at the natural conditions (pH 4)
has little impact on the resulting size, PDI, or zeta potential of pH 2 or pH
4 droplets (Figure S6) suggesting that emulsion stability is pH reversible
and dependent on polymer adsorption.

The long-term stability of emulsions prepared at pH 2 is remarkable
considering that polymers and surfactants/salt or post-functionalized
emulsions are typically required to stabilize emulsion oil droplets due
to the necessity of interfacial charge [69-71]. For example, reports of
low-charge emulsions such as those coated by the surfactant sodium
decanoate in acidic conditions, have a zeta potential of about —5 mV
and destabilize within one hour [14]. The appreciable change in zeta
potential can be attributed to the ~5 % of deprotonation difference
between PAA at pH 2 (~99.9 % protonated) and pH 4 (~95.2 % pro-
tonated). The instability of the pH 6 oil droplets is surprising considering
that the degree of zeta potential for these droplets is similar to that
experienced by hexadecane-in-water emulsions stabilized with 10 mM
sodium decanoate where the zeta potential is about —50 mV [14]. Due
to this strong electrostatic repulsion, decanoate-stabilized emulsions can
be stable upwards of months with slight Ostwald ripening. The stability
of this PAA-coated emulsion system contradicts what is displayed by
surfactant-stabilized emulsions, thus, we examine this system with
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VSESS to gain a molecular-level understanding of the polymer confor-
mation at the emulsion interface that gives rise to this unique colloid
stability.

VSEFSS spectra of the colloids coated with PAA in pH 2, pH 4, and pH
6 conditions were measured in the C-H stretching region
(2800-3000 cm ™). Two major peaks were observed at pH 2 and pH 4
while no signal was measured for pH 6 (Fig. 3A). In accordance with
previous heterodyne-detected SFG experiments at the planar air/water
interface, as well as complementary bulk IR and Raman spectroscopies,
the broad feature at 2877 cm™ ! is assigned to the methine (CH) stretch
and the feature at 2929 cm™! is assigned to the methylene (CHp) sym-
metric stretch [11,72]. The higher frequency feature also contains
contributions from the methylene asymmetric overtone and Fermi
Resonance [11]. The broad full width at half maximum present in the
methine stretch at pH 4 (53 cm ! and 16 cm™! for the methine and
methylene stretch, respectively) can be attributed to different solvation
environments for the CH mode that is tethered to the carbonyl group
[73]. At pH 4, methylene modes presumably lie strictly in the oil phase
while the carbonyl groups pull the methine modes further away from the
interface, comparable to what was observed to poly(methacrylic) acid at
the planar CCly/water interface [74]. The variety of oil- and
water-solvated environments of the methine results in the peak broad-
ening. At pH 2, the methine feature is nearly absent. SFG experiments
with  hydrolyzed  polyacrylamide @ (HPAM) and  detailed
Fourier-transform IR spectra of PAA show an increase in the CHj in-
tensity while the CH feature broadens and decreases in intensity with
increasing amount of polymer due to a higher population of methine
modes being solvated in the water phase [72,73]. For PAA, as more
polymer saturates the interface from pH 4 to pH 2, as indicated by the
increase in surface pressure (Figure S3), it is likely that some of the
methine CH modes are solvated in the oil while others are solvated in the
water.

At pH 4, the presence of two distinct and high intensity CH modes
suggests that the polymer adopts a conformation at the interface with a
well-ordered backbone. At pH 2 the methine stretch is nearly absent and
the methylene stretch is reduced, suggesting a less ordered conformation
of PAA as compared to pH 4. These differences in signal intensity can be
explained as the result of slight differences in polymer organization and
protonation. At pH 2, PAA is ~99.9 % protonated at the interface while
at pH 4 PAA is ~95.2 % protonated (Fig. 1). While the ~5 % difference

in protonation might seem insignificant, it has been observed that un-
charged polyelectrolytes in bulk aqueous environments develop a
random coil conformation [30]. This coiling is promoted by acidic
conditions where intramolecular H-bonding between carboxylic acid
moieties is most favorable. Extending this behavior to the interface,
where the interfacial pK, of 5.3 (as compared to the bulk pK, of 4.5)
promotes the formation of acidic polymer (Fig. 1), the decrease in
polymer backbone signal moving to acidic conditions is attributed to
random coiling of polymer and forming intramolecular hydrogen bonds
at the interface [11]. At pH 2, decreasing the persistence length of the
polymer through coiling is thermodynamically favorable and akin to
protein folding, in which the hydrophobic moieties favor intramolecular
hydrogen bonding as opposed to aqueous solvation. In contrast, oil
droplets prepared at pH 6 have PAA molecules that are ~16.7 % pro-
tonated. It has been observed in bulk aqueous solutions that as ioniza-
tion of a carboxylic acid polymers increases, the persistence length
increases [32,75]. In a similar fashion to a protein unfolding, uncoiling
of the highly charged polymer allows for charge solvation within the
aqueous phase. While our experiments cannot conclusively determine
the location of PAA at pH 6, we hypothesize that the polymer is either
located near the interface (within the boundaries of a solvation shell) or
at the interface in a low or disordered population. While the lack of
signal observed for PAA at pH 6 could be attributed to the extended
polymer solvated in the aqueous phase, as in previous SF experiments of
PAA at the planar CCly/water interface, the surface pressure and high
magnitude negative zeta potential measurements suggests that PAA is
near the oil droplet surface. Therefore, we will assume that at pH 6, PAA
has minimal ordered surface population resulting in the absence of
VSFSS signal.

The pendant groups of PAA were also measured by VSFSS in the
C=0 stretching region (Fig. 3B) to determine the orientation of the pH-
sensitive functional groups at pH 2 and pH 4. Experimentally, a large
non-resonant background is experienced in the C=O0 region, likely due
to the CaF, window [14,76]. De-timing of the visible beam is used to
reduce the non-resonant response, however, weak C—=O signals also
reduce in intensity and result in noisy spectra in this region. A small
feature is seen in the C=0 region for pH 4 at 1735 cm ™ assigned to the
C=0 stretching mode on the polymer pendant group consistent with
VSFS experiments of PAA at the CCly/water interface [37]. Data from
PAA-coated oil droplets at pH 6 is omitted from this graph for clarity, as
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Fig. 3. VSFSS measurements (ssp polarization) of d-hexadecane oil droplets in D50 stabilized with 500 ppm PAA at varying pH conditions in the A) C-H stretching
region, B) carbonyl (C=O0) stretching region, and C) the carboxylate (COO-) symmetric stretching region. Solid lines represent fits of the data.
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the signal resembled the non-resonant background exhibited at pH 2.
The absence of a C=0 vibrational mode at pH 2 and pH 6 indicates that
the functional groups are disordered. At pH 2, a slightly disordered
backbone (compared to pH 4) results in a disordered pendant group
exhibiting no measurable VSFSS signal. While at pH 4, the highly or-
dered backbone contributes to minor organization of the carbonyl. In
addition to disorder, the lack of signal could be attributed to low surface
population as described above. To confirm the presence of a C=0
vibrational mode at pH 4, emulsions stabilized with 1000 ppm PAA
were measured in the C=O stretching region (Figure S7). A strong
feature with good signal to noise with 1000 ppm PAA was measured at
the same frequency as the emulsions measured with 500 ppm PAA.
These results suggest that the C=0 group of PAA at 500 ppm concen-
tration at pH 4 are ordered but lack the interfacial population necessary
to elucidate a strong SFG response.

VSFSS measurements in the COO- stretching region were made to
determine if the deprotonated functional group is ordered (Fig. 3C).
However, no signal was observed in the carboxylate stretching region
for any pH conditions. For pH 2 and pH 4, the percent protonation at the
interface indicates that the carboxylic acid group is dominating the
surface population. Thus, any carboxylate groups, if present, are in too
little in population to be visible by VSFSS and/or not well ordered. At pH
6, although the polymer is significantly deprotonated and COO- groups
are present (~16.7 % protonation), the polymer is predominately sol-
vated in the water phase as suggested by low surface pressure (<10 mN/
m) measured by pendant drop surface tensiometery data (Figure S3).
Therefore, there will be no carboxylate organization at the interface,
consistent with the conclusions suggested above by surface tension and
VSFSS C-H region data and with VSFS experiments at the CCly/water
planar interface [37].

The adsorption of PAA to the hexadecane/water interface can also be
rationalized by the hydrophilic-lipophilic balance (HLB), a metric
commonly used for surfactants to describe their relative oil or water
solubility. Surfactants with a lower HLB value (closer to 0) have better
oil solubility while surfactants with a higher HLB value (closer to 20)
exhibit better water solubility. Generally, oil in water emulsifiers have
an HLB between 8 and 16. Using the methods proposed by Davies [77],
we calculated HLB values for PAA at pH 2, 4, and 6 using our experi-
mentally derived % protonation values (Eq. 2 Supporting Information).
We found that at pH 2 and 4, PAA has an HLB or 8.17 and 8.97,
respectively, indicating that the polymer is fairly oil-soluble and acts as a
good oil-in-water emulsifier. However, the HLB value for PAA at pH 6 is
22.3 suggesting that the polymer does not have sufficient surfactant
characteristics and prefers to be solubilized in water, consistent with our
spectroscopic analysis.

From these results exploring PAA at the emulsion interface at pH
conditions with low deprotonation (<5 %), it appears that sterics play a
significant role in dictating the colloidal stability of these emulsions as
the electrostatic repulsion and consequential colloidal stability experi-
enced in this system is not what would be predicted by DLVO theory.
Emulsions prepared at pH 2, despite having almost zero surface charge
are colloidally stable, while pH 6 oil droplets have a high surface charge
but are unstable. At pH 4, the natural pH of the system, the polymer is
largely protonated (~95 %), has high surface pressure, and was a well-
ordered chain at the interface. Presumably, the CH backbone is aligned
into the oil phase while the carboxylic acid groups are slightly aligned in
the water phase. With the addition of acid (~99 % protonation at pH 2),
PAA is still present at the interface in high population but experiences
less chain organization as compared to pH 4 due to intramolecular
hydrogen bonding between acid groups and subsequent coiling of the
polymer. On the other hand, at pH 6 (~17 % protonated) the polymer is
not ordered at the interface and a higher population of the polymer
prefers to be solvated in the water phase as an extended, charged chain.
Fig. 6 summarizes the molecular picture of PAA-coated oil droplets.

3.3. Addition of salt to PAA-stabilized emulsions

In an effort to charge screen PAA and promote interfacial activity, in
particular for pH 6, the impact of chloride salts on emulsion stability was
studied. Upon the addition of chloride-based cations, the size, PDI, and
zeta-potential of PAA-stabilized emulsions were measured (Fig. 4).
Concentrations of salt ranged from 0 to 2 mM for the divalent cations
(Ca%" and Mg®>") and 0-6 mM for the monovalent cations (Na™ and
NH{) to keep the ionic strength of the solution consistent between
varying cations. In general, the addition of salt causes minor changes to
the size or PDI of the emulsion. To ensure consistent normalization of the
scattered light generated and collected from VSFSS experiments, colloid
radius must be within 100-900 nm [78]. At pH 2 and pH 4, emulsions
generally stayed within this size regime except for the addition of NaCl
at high concentrations at pH 2 which could be attributed to PAA
crowding at the interface. At pH 2 and pH 4, PDI exhibits no trend with
the addition of salt. The negligible change in size or PDI of the emulsions
at pH 2 and pH 4 with the addition of salt suggests that no additional
polymer layers are absorbed to the surface. At pH 6, size and PDI change
drastically but without any clear trend. The wide range in these values
are attributed to unstable emulsions that contain little, if any, polymer at
the interface, and do not favorably stabilize the oil droplets. These re-
sults suggest that the salt ions do not bring pH 6 polymer to the surface
as observed at the planar interface, which could be attributed to the
different chemical nature of the interfaces and solubility of CCly [37].

In all pH conditions the addition of salt causes a reduction in the
magnitude of the zeta potential. This is most noticeable at pH 4 and pH 6
where charge screening reduces the zeta potential by almost 20 mV with
the addition of only 0.3 mM ionic strength salt. Significant charge
screening occurs for ionic strengths up to ~1.5 mM before the zeta po-
tential plateaus with the addition of salt up to 6 mM ionic strength.
Despite the addition of salt and subsequent charge screening, the pH 6
oil droplets are never stabilized, as evident by the large diameter and
high PDI. This suggests that at pH 6, even with charge screening at the
interface promoting the zeta potential akin to stable pH 4 emulsions
(<30 mV), the polymer would rather be solvated in the water phase than
oriented at the interface.

To better understand how the presence of salt impacts polymer
conformation and promotes charge screening, VSFSS studies were con-
ducted on PAA-coated colloids with the addition of the various salts. An
ionic strength of 2 mM was chosen for all VSFSS salt studies because
emulsions stabilized with CaCly at 2 mM ionic strength (1 mM CaCly)
exhibited the most stable size and PDI at pH 6 and because charge
screening plateaus by 2 mM ionic strength. Upon the addition of 2 mM
ionic strength salt, the VSFSS intensity of PAA in the CH stretching re-
gion decreases at pH 4 to a signal intensity on the same scale as emul-
sions at pH 2 (Figs. 5A, 5B). At pH 2, adding NaCl and NH4Cl promotes a
slight change in the overall intensity, while at pH 6, no spectral features
are observed with added salt (Fig. 5C). A small population of PAA does
adsorb to the interface at pH 6 with the addition of salt, as observed
through interfacial pressure data (Figure S3), suggesting that salt de-
creases the hydrophilic character of the carboxylic acid group therefore
reducing the HLB (Supporting Information) and promoting surface
adsorption. However, as seen spectroscopically, the addition of salt does
not cause ordering of the polymer chain at the interface. The VSFSS
response of the carbonyl group was also measured with the addition of
2 mM ionic strength salt however no increase in signal was observed
(Figure S8). Peak position shifts are potentially present in the C=0
spectra, however the signal to noise is so low in this region that no
conclusions can be made with confidence.

In general, adding salt changes the structure of the polymer at pH 4
more drastically than at pH 2 as more of the polymer is deprotonated at
PH 4 and thus there are more carboxylate sites for the cations to bind.
The binding of the cation to carboxylate sites disrupts polymer organi-
zation at the surface as the polymer likely needs to readjust and coil at
the confined emulsion interface to create cationic bridging between acid
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Fig. 4. Characteristics (top panel: hydrodynamic diameter, middle panel: polydispersity index, (PDI), bottom panel: zeta potential) of d-hexadecane oil droplets in
D50 stabilized with 500 ppm PAA at varying pH conditions with the addition of A) CaCl,, B) MgCl,, C) NaCl, and D) NH4Cl. Ionic radii and scaled cation sizes are
provided at the top. Dotted colored lines are a guide to the eye for emulsions made without salt.

groups [73]. As best exemplified in the pH 4 condition, the addition of
salt promotes the polymer to develop a more random coil backbone
conformation, that mimics that of the natural pH 2 polymer, resulting in
a decrease in the VSFSS signal with the addition of salt. The impact of
chloride counterion at the surface can be neglected due to the inherent
negative zeta potential of PAA-stabilized emulsions without salt. With
the addition of chloride salts, the surface charge is reduced in magnitude
suggesting that the cations are more attracted to the negatively charged
interface than the anions which are assumed to be solvated in the water
phase.

A quantitative look at the VSFSS spectral changes with addition of
salt shows that as the electronegativity of the cation increases, as
determined by the Pauling scale, we see a corresponding decrease in CH,
integrated area and zeta potential magnitude (Figs. 5D, 5E). The CHy

area was calculated by integrating the area from the full width half max
of a Gaussian fit of the CH,, feature centered around 2930 cm ™. As NHZ
is a molecular ion and does not have electronegativity, it is excluded
from this trend. The decreasing CHj intensity with increasing electro-
negativity is present regardless of pH but is clearer at pH 4 due to the
higher number of carboxylic acid groups available to interact with the
cations. As the electronegativity of the cation increases, it has an
increased ability to pull the electron density away from the carboxylic
acid groups on the polymer and promote solvation in the water phase.
Cations with a higher electronegativity promote polymer coiling, as
demonstrated by the decrease in CH signal intensity and effectively
charge screening the zeta potential. This results in a disruption of the CH
backbone conformation and a decrease in the polymer persistence
length at pH 4 (Fig. 6, bottom). Slight change in the polymer structure is
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observed at pH 2 due to the minimal population of carboxylate groups
that can interact with the cation (Fig. 6, bottom).

The absence of signal from PAA with salt at pH 6 are in contrast with
observations at the planar oil/water interface where the addition of salt
increased the C=O signal and had negligible impact on the CH
stretching modes. At a planar interface, the dynamics of adsorbed
molecules are dominated by the thermodynamics of positive enthalpic
interactions while slightly limited by kinetic diffusion through the me-
dium. Thus, over time, a polymer at the planar oil/water interface can
stretch and extend to adopt a thermodynamically favorable state that
allows for stabilizing complexation with metal cations. Despite the sig-
nificant charge screening exhibited at pH 6, the absence of VSFSS signal
suggests that PAA is not complexing with ions at the oil droplet inter-
face. Independent of pH or salt addition, in the kinetically trapped
emulsion system, the adsorbed PAA layer will adopt a thermodynami-
cally stable orientation that is different from that at the planar interface
due to the competing kinetic energy driving oil droplets to coalescence.
To carefully consider molecular adsorption at interfaces, we cannot
neglect how the factors that contribute to colloidal stability, namely
sterics and charge, impact the conformation of the surface-active spe-
cies. The competition between polymer adsorption and droplet coales-
cence has implications on molecular structure when variables such as pH
and ionic strength are varied. For PAA at pH 6 at the oil/water droplet
interface, the energy released from droplet aggregation overcomes the
slight polymer adsorption that is present with the addition of cations and
the polymer remains solvated in the aqueous phase (Fig. 6, bottom).
However, PAA at pH 2 and pH 4 can stabilize emulsions through sterics

alone due to the adsorption of the highly surface-active protonated
polymer. It is likely that other charged macromolecules, such as pro-
teins, can stabilize colloids through a steric layer in the same manner.

4. Conclusions

The interface-specific vibrational spectroscopy employed here along
with complementary emulsion characteristic measurements provides a
molecular-level picture of PAA at the hexadecane/water emulsion
interface, which has previously been explored only at planar interfaces.
VSEFSS spectra in the CH stretching region suggest an ordered PAA
backbone at pH 2 and pH 4 (Fig. 6), while at pH 6, the polymer prefers to
be solvated in the aqueous phase with minimal, disordered chain
adsorption. With the addition of salt, no PAA adsorption was observed at
pH 6 which contrasts with findings at the planar CCly/water interface
where salt addition promotes polymer adsorption. While the addition of
salt causes charge screening at the hexadecane/water emulsion inter-
face, the pH 6 polymer does not become more interfacially ordered
resulting in a unstable colloid. At pH 2, the influence of cations has
minimal impact on the conformation of PAA due to the low % proton-
ation, however, at pH 4, the addition of salt causes a decrease in
persistence length and increase in polymer coiling, resulting in an or-
dered backbone that mimics the conformational structure of the pH 2
polymer. While there have been previous reports of sterically-stabilized
emulsions, our results provide a molecular level understanding of the
stability mechanism.

Due to the kinetically trapped state of emulsions as compared to the
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of salt, the example of MgCl, shown here. Chloride anions have been omitted for clarity and are solvated in the water phase.

thermodynamically stable planar interface, polymer conformation and
colloidal stability are closely intertwined. While classical DLVO theory
suggests that a large surface charge is necessary to stabilize colloids,
these results show that a surface active, steric layer is enough to main-
tain emulsion stability for upwards of 1 week at pH 2 and pH 4, while too
much charge on the polyelectrolyte (at pH 6) causes unstable oil droplets
with polymers solvated in the bulk phase. Future work includes varying
polymer molecular weight to carefully tune the steric character, with the
intention that polymers of a very low molecular weight could behave
like surfactants. Additionally, this work provides a basis for under-
standing other pH-dependent polymers, such as those stable in a basic
regime. In particular, emulsion stability via pH-tunable polymers can be
applied to targeted drug delivery, allowing for dissolution of a drug in
specific conditions. Ultimately, the ability to stabilize emulsions with a
polymer alone aids in forming colloidally stable systems, such as those
coated by proteins coronas or polymer coacervates and broadens our
understanding of traditional DLVO theory.
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