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Mixtures of nano- and microscopic oil droplets in water have

recently been rediscovered as miniature reaction vessels in microfluidic

environments and are important constituents of many environmental systems,
food, personal care, and medical products. The oil nanodroplet/water interface
stabilized by surfactants determines the physicochemical properties of the ©—
droplets. Surfactants are thought to stabilize nanodroplets by forming densely %:
packed monolayers that shield the oil phase from the water. This idea has been @

inferred from droplet stability measurements in combination with molecular
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structural data obtained from extended planar interfaces. Here, we present a
molecular level investigation of the surface structure and stability of nano-
droplets and show that the surface structure of nanodroplets is significantly different from that of extended planar

interfaces. Charged surfactants form monolayers that are more than 1 order of magnitude more dilute than geometrically
packed ones, and there is no experimental correlation between stability and surfactant surface density. Moreover, dilute
negatively charged surfactant monolayers produce more stable nanodroplets than dilute positively charged and dense
geometrically packed neutral surfactant monolayers. Droplet stability is found to depend on the relative cooperativity
between charge—charge, charge—dipole, and hydrogen-bonding interactions. The difference between extended planar
interfaces and nanoscale interfaces stems from a difference in the thermally averaged total charge—charge interactions in
the two systems. Low dielectric oil droplets with a size smaller than the Debye length in oil permit repulsive interactions
between like charges from opposing interfaces in small droplets. This behavior is generic and extends up to the micrometer

length scale.

nanodroplets, stability, interface, water, sum frequency scattering, charge, screening

ixtures of nano- and microscopic oil droplets in

water or water droplets in oil are known as

emulsions." ™ Emulsions are widely applied in
technological applications, as food products, agrochemical
compounds, drugs, and paints, among others. Recently,
droplets in microfluidic systems have found new applications,
such as minuscule reaction vessels’™” useful for drug screen-
ing,'’ analysis of biomolecules,'" and cell screening.'”"’ In
these emulsions the droplets are kinetically stable, which means
that eventually the system will phase-separate into an oil and a
water phase, driven by processes such as flocculation,
coalescence, and Ostwald ripening."”” The stability of droplets
can be increased by surfactants that alter the interfacial
structure and thereby create an interface with a minimal free
energy. In order to achieve better control over droplet systems
and their applications, it is important to understand the
molecular mechanism behind droplet stability. To do so,
molecular interfacial structural information needs to be
correlated with droplet stability data. This is typically
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done'*™"” by correlating surface structural data from extended
planar interfaces, such as that gathered from X-ray,*™*
neutron scattering/reflection,”””” and sum frequency gener-
ation (SFG)™>~*" studies, to stability data of droplets made of
the same chemicals as the planar systems. These studies show
that surfactants lower the interfacial energy of macroscopic
planar interfaces by forming a densely packed (geometric)
monolayer. However, recent reports™ >~ show that the curved
interfaces of droplets do not display the same molecular
structure as planar extended interfaces. Simple geometrical
packing'* is insufficient to explain interfacial amphiphile
structure. For example, sodium dodecyl sulfate was found to
form very dilute monolayers on nanodroplets that differ in
density from the corresponding planar interfaces by at least an
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Figure 1. Stability and surface group density. (a) Three typical droplet size distributions of stable (red and black) and unstable (gray) droplets
as determined by DLS. The inset displays photographs of stable and unstable samples. Note that the x-axis has a linear scale. (b) Percentage of
samples that remain stable as a function of time. Each sample consists of 1 vol % hexadecane (99.8% pure) nanodroplets in ultrapure water
with 150 pM SDS, DTAB, or hexanol. (c) SFS amplitude, which is proportional to the surfactant surface density, as a function of total
surfactant concentration in the sample. The calculated minimum area per molecule for the maximum concentration (in A?) is given for each
surfactant. The SFS spectra were collected with the infrared (visible, sum frequency) beam polarized parallel (perpendicular) to the scattering
plane (SSP) and recorded for the S—O symmetric stretch mode (~1080 cm™) for DS™ and for the C—H stretch modes (~2900 cm™) for
DTA" and hexanol. SFS amplitudes are normalized with the DLS size distribution according to the protocol in ref 34. (d) Change in the

droplets’ {-potential as a function of total surfactant concentration.

order of magnitude,29 the water molecules at the surface of
water droplets in a hydrophobic liquid are much more ordered
than water molecules at identical planar/water interfaces,g’0
liposomes exhibit transmembrane asymmetry in their hydrating
water rather than in their lipid distribution.”* These findings
were made employing vibrational sum frequency scattering
(SFS)*>*® and angle-resolved’” second-harmonic scattering
(SHS)**** techniques that probe the molecular structure of the
oil, the water, and the surfactant on nanodroplet/particle
surfaces in aqueous solution.’” Vibrational SFS is a coherent
surface spectroscopy that provides information on chemical
composition, molecular order, and orientation of interfacial
molecules present on droplets or particles.””*”*" Nonresonant
angle-resolved SHS is a probe of the orientational order of
interfacial water molecules: It reports on the difference in
orientational directionality between interfacial water molecules
and bulk water molecules.”>**

Here we provide a systematic investigation of the macro-
scopic stability, the molecular structure, and the relevant
interactions for oil droplets in aqueous solutions. In order to
produce smooth, defect-free interfaces, we use ~100 nm in
radius hexadecane oil droplets stabilized with neutral (alkanols
and zwitterionic lipids), positively charged (dodecyltrimethy-

and
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lammonium bromide, DTAB), or negatively charged (sodium
dodecyl sulfate, SDS) amphiphiles. These chemicals are chosen
such that they represent different charges with and without
hydrogen bonding in contact with a water/dielectric nano-
particle interface. We present stabilizing performance, charging,
hydration, and surface density data of the amphiphilic
molecules as well as structural information on the interfacial
oil and interfacial water molecules. Finally, the combined data
are broken down in terms of relevant interactions, and a
mechanism relevant for surface structure and stability is
proposed, which differs from the framework used for planar
interfaces. We observe that high droplet stability does not
necessarily require a high surface charge density but rather a
sufficient amount of surface charge and cooperativity between
hydrogen bonding and charge—dipole interactions. The nano/
submicrometer size of the droplets, in combination with a lack
of conducting species in the oil phase, results in nonzero
repulsive interactions between the surface charges on opposite
sides of the droplet. This interaction is absent for neutral/
zwitterionic droplet surfaces and limits the surface charge
density to one that is lower compared to equivalent planar
interfaces. This proposed mechanism is supported by a simple
electrostatic model that captures the essence of the relevant
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physics, as well as surface charge density measurements as a
function of ionic strength.

RESULTS AND DISCUSSION

Stability. To quantify droplet stability, nanodroplets were
prepared with 150 pM of either SDS (critical micelle
concentration, cmc, of 825 mM at T = 293 K),44 DTAB
(cmc of 159 mM at T = 293 K),** or hexanol (solubility of 65
mM at T = 293 K).** The preparation procedure can be found
in the Materials and Methods section. With the chosen low
concentration of surfactants the destabilization process occurs
within a time frame of several days. The stability was
determined by a standard protocol” of visual inspection and
size distribution measurements. The droplet size distribution
was measured over 10 days with dynamic light scattering
(DLS). The droplet size distribution of freshly prepared
samples consists of a single peak centered at a radius R in
the range 45 < R < 125 nm (see Figure la, red and black, for
two size distributions representative of the range of samples
that have been prepared) with a polydispersity index (PDI) of
0.05 < PDI < 0.25. These values are typical for nanoemulsions.”
The nanodroplets were considered unstable” if (i) there was a
phase separation, (ii) new peaks appeared in the size
distribution (see Figure la for an example in gray), and/or
(iii) the PDI became larger than 0.3, or (iv) the droplet size
increased by more than 15% over a time span of 10 days. Each
measurement was performed three times on each sample.
Figure 1b displays the percentage of samples that remained
stable over time, measured up to 10 days after their preparation.
Here it can be seen that the dodecylsulfate ion (DS™) is the
best stabilizer, as all samples remained stable for at least 10
days. The dodecyltrimethylammonium (DTA') ion follows,
with 30% of the samples becoming unstable after 5 days. All
hexanol nanodroplets were destabilized after 7 days, suggesting
that hexanol is the least effective stabilizer of the three
representative surface active compounds studied here. Further
data are summarized in Table 1.

Table 1. Stability and Interfacial Structure: A Summary of
the Characteristics of the Studied Hexadecane-in-Water
Nanodroplets

min. surface interfacial interfacial oil
stability ~ area/molecule water structural
component  (days) (nm? alignment changes
DS~ >10 >4.25 increases not detectable
DS™ + >10 >2.13 increases not detectable
30 mM
NaCl
DTA* <5 >5.00 vanishes more chain
disorder
hexanol <3 027 decreases more chain
disorder
dodecanol <3 027 decreases more chain
disorder
DPPC <3 0.48 decreases more chain
disorder

Surface Density. The surface density of amphiphiles can be
derived from SFS spectral amplitudes, recorded from nano-
droplets that contain the same droplet size distribution but a
different total surfactant concentration.”” With an identical size
distribution and an average surfactant orientation that is not
changing over the probed concentration range, a change in the
SES amplitude is proportional to a change in surface

density.””*® Figure lc shows the relative amplitude change

for the interfacial S—O symmetric stretch mode of DS™ anions
and the C—H stretch modes of DTA" cations and hexanol
molecules. It can be seen that, over the same concentration
range, the relative increase of the surface density of hexanol is
much larger (X13) than those of the two ionic surfactants (X2
for DTA" and X3 for DS™). The maximum surface density (or
minimum projected surface area) of each amphiphile can be
retrieved by assuming that, as an upper limit, for the lowest
total concentration (e.g, 55 uM for SDS or 100 uM for DTAB)
all surfactant molecules are adsorbed at the interface. Without
this assumption the retrieved surface density values will be even
lower. In addition, it is possible to use a modified Langmuir
adsorption model to estimate the surface density of
amphiphiles.”” Using these procedures we found the lower
limit for the projected surface area per molecule of hexanol (27
+ 7 A?),* DS™ (>425 A?),* and DTA* (>500 A2). The surface
density of hexanol is at least an order of magnitude higher than
those of the two ionic surfactants. Dodecanol was shown to
have a surface density very similar to that of hexanol,*® with 29
+ S A% per molecule. These experimental findings suggest that
the adsorption behavior of amphiphiles, as well as the resulting
droplet stability, is related to their charge, rather than their
molecular packing. This notion is supported by the fact that the
observations are done for a distribution of different sizes and
PDIs and that curvature-related packing differences are most
commonly found in systems smaller than ~50 nm."’

Charge. A commonly used indicator for droplet stability is
the electrokinetic mobility of particles in aqueous solutions,”
which is reported on by the {-potential.”’ Higher stability is
generally achieved with a higher {-potential amplitude, which
results in efficient droplet repulsion, thereby preventing
coalescence that leads to instability.' Figure 1d shows the
change in the {-potential of hexadecane nanodroplets in water
with increasing concentrations of SDS, DTAB, and hexanol.
The {-potential changes with different magnitudes as the DS~
and DTA" concentrations increase in the solutions. Increasing
the surfactant concentration from ~75 uM to ~10 mM results
in a change of —40 mV for SDS, while only ~20 mV is added to
the initially positive {-potential of droplets in DTAB solutions.
Hexanol-stabilized droplets do not have a different {-potential
than pure oil droplets in water. Comparing the DTA"- and
DS -stabilized droplets, we find that the more stable nano-
droplets have a higher surface density and a bigger relative
change in the {-potential. The surface density ratio of DS™ and
DTA" ions (X1.3 at 10 mM) correlates well with the A(-
potential ratio of DS™ and DTA" (X1.8 at 10 mM).
Nanodroplet stability is thus clearly correlated with the amount
of surface charge, which is in agreement with expectations.1
The increase of surface charge can explain the stability achieved
by the addition of ionic surfactants; however, it does not
explain the case of hexanol or the low surface densities that are
found for the charged surfactants. For further understanding of
the relationship between surface stability and surface molecular
structure we revisit derived structural changes of the oil and
water molecules, as well as the bulk hydration characteristics for
the three systems.

Molecular Interfacial Structure and Bulk Hydration.
The structural changes imposed by the amphiphiles on the
interfacial oil molecules are reflected in the SES spectra of the
C—H stretch modes of hexadecane droplets dispersed in D,0O
(Figure 2a), in which the bulk concentrations of deuterated
(d),5-SDS (0.98 x cmc), d;,-DTAB (0.93 X cmc), or dis-
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Figure 2. Interfacial structure and bulk hydration. (a) Normalized SFS spectra of the C—H stretch modes of hexadecane droplet interfaces
stabilized with d,s-DS~ (8 mM, green), d;,-DTA" (12 mM, blue), or d,;-hexanol (5 mM, red). The SFS spectrum of pure oil nanodroplets in
water is also shown (black). The SFS spectra were collected in the SSP polarization combination. (b) SHS intensity, recorded with all beams
polarized in the horizontal plane, at a scattering angle of 35°, of a 0.1 vol % d3,-hexadecane/water nanoemulsion stabilized with hexanol, SDS,
or DTAB as a function of the amphiphile concentration. The intensity of the SFS and SHS measurements is normalized using an effective
droplet radius retrieved from the DLS size distribution according to the protocol in ref 34. Intensities are therefore independent of droplet
radius and size distribution. (c) Raman hydration shell spectra of 100 mM aqueous solutions of octylsulfate anions (OS7),
octyltrimethylmmonium cations (OTA"), and hexanol molecules. The spectra display the O—H stretch vibrational response of the water
surrounding the surfactant ions. The O—H Raman spectrum of pure water (black) is also presented and scaled to the same height as the OS™
hydration-shell O—H band. (d—f) Schematic diagrams of the influence of the surfactant’s surface structure of the systems measured in (a) and
(b). The dashed lines represent hydrogen bonds, and the arrows represent dipole moments. The bottom panels display the primary
interaction(s) of a surfactant molecule with the interfacial water molecules. (d) A DS~ ion influences the water orientation with respect to the
interface through both hydrogen-bonding and electrostatic interactions. (e) A DTA" ion influences the water orientation with respect to the
interface through electrostatic interactions only. (f) A hexanol molecule influences the water orientation with respect to the interface through
hydrogen bonding only. The top panels illustrate the relationship between the molecular interactions and the interactions that take place
when droplets approach each other, which relates to droplet stability.

hexanol were different.”! Using selective deuteration, the
vibrational modes of the surfactant are removed from the
SES spectral window, allowing independent probing of the
structural changes of the oil surface. Compared to pure
hexadecane droplets in water, it can be seen that DS™ ions do
not significantly alter the conformation of oil molecules, as they
leave the vibrational spectrum unchanged. The same behavior is
observed for oil droplets made of dodecane and hexane.** In
contrast, DTA" and hexanol cause a significant change in the
interfacial vibrational spectrum and, hence, are concluded to
perturb the interfacial oil structure.”’ Analysis of these spectral
changes resulted in a structural interpretation that has the
DTA" and the hexanol molecules penetrating into the oil phase,
while the DS™ molecules lie flat on the oil surface without much
interaction.”®>">* Figure 2b displays the change in the SHS
intensity of 100 nm (radius) hexadecane droplets in water as a
function of the surfactant concentration (published previously
in refs 29 and 46). These data show that the orientational order
of interfacial water is altered when the amount of surfactant is
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increased. The change is also different for each surfactant: DS~
increases the water order, while DTA* decreases the water
order, and hexanol induces a smaller loss in water order than
DTA". This behavior differs significantly from what is expected
for geometrical packing and can be explained by the interplay of
the different interactions:>> For negatively charged interfacial
DS™ ions, both hydrogen bonding and charge—water dipole
interaction require water molecules to be oriented predom-
inantly with their hydrogen atoms toward the interface.
However, for a positively charged DTA'-covered interface,
there is little hydrogen bonding and the charge—dipole
interaction is orienting the interfacial water molecules
oppositely. Hexanol, on the other hand, induces a decrease in
the directionality of water along the surface normal, which is
caused by the formation of hydrogen bonds between the OH
group of hexanol and the interfacial water molecules. This
decrease in the directionality of water matches with the
increasing surface density of hexanol as the concentration of
hexanol in the solution is increased (see also ref 46). Figure 2c
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shows the Raman hydration shell spectra of the O—H stretch
region of 0.1 M solutions of octylsulfate (OS™) anions,
octyltrimethylammonium (OTA*) cations,” and hexanol
molecules.”* The hydration shell spectra represent the spectral
difference in Raman intensity between a solute/solvent mixture
and the pure solvent. The spectral content is explained as the
differential vibrational response of the hydration shell and bulk
water. Thus, it reports on solvent—solute interactions that are
different from those in bulk water.”> For these measurements
octyl alkyl chains were chosen instead of dodecyl so as to
exploit the higher cmc concentrations of >100 mM** for
sodium octylsulfate (SOS) and octyl trimethylammonium
bromide (OTAB) (enabling spectral recordings with a better
signal-to-noise ratio). The influence of counterions was
eliminated.”’ Compared to bulk water, the three hydration
shell spectra are different, with hexanol and OTA" cations
having a similar, more red-shifted, spectrum and the OS~
anions having a more intense and blue-shifted spectrum. The
red shift can be interpreted as a sign of enhanced tetrahedral
ordering of water molecules around the OTA" jons and hexanol
molecules.””*" The hydration shell spectrum of OS™ anions
was interpreted to have more, but weaker, hydrogen bonds
between water molecules around OS™ than in an identical
volume of pure water.”" This difference in hydration matches
well with the different interfacial water ordering of Figure 2b.
The rearrangement of interfacial water molecules around DTA"
and hexanol, due to electrostatic and hydrogen-bonding
interactions, respectively, disrupts the already existing water
ordering, resulting in a decrease in the SH intensity. In the case
of DS7, the large increase observed in the SH intensity is due to
hydrogen-bonding and electrostatic field interactions, which
both result in more orientational order of water along the
surface normal. The subsequent decrease (>1 mM) arises from
the screening of the surface electrostatic field by the
counterions, resulting in less ordered water molecules.

Figure 2d—f are indicative illustrations of the interfacial
structure of the three systems studied here, allowing a structural
comparison. The surface density of the interfacial ions (DS in
Figure 2d, DTA" in Figure 2¢) or hexanol molecules (in Figure
2f), as well as the respective orientation of the interfacial water
molecules, are displayed in the top panels. The bottom panels
show the interaction of the amphiphiles with the interfacial oil
layer and interfacial water molecules in more detail. In the
following we discuss the correlation between the interfacial
structure of these three exemplary systems and the observed
droplet stability.

Stability and Structure. For a geometrical interfacial
packing, with all structure-determining interactions being
nonspecific, no difference in the emulsion stability between
DS™, DTA", and hexanol would be expected. Similar saturated
surface densities and similar changes to the respective interfacial
oil and water structures for all three surfactants would be
expected. In nanoscale systems, an increasing curvature (R |) is
typically interpreted as leading to an increase in available
volume per interfacial molecule and thus an increase in surface
density. This behavior very strongly depends on the actual
curvature and becomes important on metal and high-dielectric
particles or when surfactants are paired with counterions.*”*°

Combining all stability and structural findings in Table 1, we
find a very different picture than the one suggested by
geometrical packing. Instead, a distinct trend in stability
dependent on surface chemistry, a very low surface density
for the charged surfactants, and specific changes in the oil/

water structure per surfactant are observed. In addition, in
contrast to expectations for geometrical packing, we observe
the same behavior for a rather large variety of sizes (45 nm < R
< 125 nm) and distributions 0.05 < PDI < 0.25 for the 25
different samples that were prepared and probed here.

Based on these many differences, it seems necessary to re-
evaluate the effect of curvature and consider that a balance of
interactions is responsible for the stability of the nanodroplets.
For hexanol, nanoemulsions are stable only for several days.
The repulsion between the droplets is therefore probably weak
(in the absence of any interfacial ionic species), but the
oriented interfacial water molecules (see Figure 2f) present an
oriented layer of dipoles which does provide dipolar electro-
static repulsion. Moving upward in stability with DTA®, there is
a dilute layer of charges at the interface (Figure 2e), which
results in positively charged droplets that repel each other.

The positive charges are screened by the counterions and by
oriented water dipoles, but there are no hydrogen bonds
between DTA" and the interfacial water molecules. For DS~ in
addition to charge—charge repulsion and screening by counter-
ions and water dipoles, there is a population of oriented water
molecules that form hydrogen bonds with the sulfate head
groups (Figure 2d). The charge of the DS™ ions thus
experiences a more thorough screening than that of the
DTA" ions, which is reflected in the lower surface density and
lower {-potential change of DTA" compared to DS~ (Figure
1cd).

That the surface density of DS™ and DTA" is much lower
than what is expected based on planar surface experiments””>’
can then be explained by considering interactions rather than
excluded volume. The interaction between charged molecules
in a solution is determined by a balance of Coulombic
interactions between ions and their thermal motion. The Debye
screening length (1/x) provides an indication for the distance
over which ions are separated in a liquid.'® The electrostatic
potential has decayed to ~2% of its value after a distance of 4/
k. The Debye length in water is on the order of 3—30 nm for
the ionic strength range 10—0.1 mM. The solubility of single
ions in oil (or any other low-dielectric medium) is ~107° M,
and thus the Debye length in the oil phase is typically ~1.5 pm.
On a planar surface the total charge—charge repulsion/
attraction is reduced by half compared to an aqueous bulk
solution, since only the water phase contains a significant
amount of charge (Figure 3a), and the oil phase is essentially
infinite. Thus, charges at a planar interface experience
Coulombic repulsion from other co-ions situated in a
hemisphere with a radius ~4/k adjacent to the interface.
Experimental data®****? show that high charge densities can be
obtained for surfactants adsorbed at planar oil/water interfaces.
For nanodroplets and nanoparticles that are smaller than 4/k ~
6 pm, it can be expected that the electrostatic field from the
surface charges will not be screened by the oil (as illustrated in
Figure 3b). Every interfacial charge will thus experience the
electrostatic repulsion from all other interfacial charges on
opposing surfaces through the oil phase and from all the
charges in the bulk that are separated by a few Debye lengths in
the aqueous phase. As such, the surface charge density will
likely be similar to the charge spacing in the aqueous phase.

In order to understand whether the physical picture
described above contains the right ingredients, we consider a
system in which space is modified into three areas with different
dielectric constants and Debye lengths (e;, k; for the water
phases on the outer sides and ¢,, k, for the oil phase with a
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Figure 3. Sketch of the lines of the electrostatic field created by a
DTA" cation (a) at a single planar interface, (b) on a droplet, and
(c) at two opposing planar interfaces. The two regions of water,
with dielectric constant £, and Debye screening parameter k,;, are
separated by an intervening region of oil, with dielectric constant
€,, Debye screening parameter k,, depth 2R, and surface charge
density 6. (d) Relative surface charge density 6 of the opposing
surfaces shown in (c) as a function of R, normalized to the value
with R — 0. 6, is the charge density value for R = 0 (at the absence
of the intervening dielectric) and is used as a reference value. The
values used are £, = 78, k; = 0.33 nm™" (1/k; = 3 nm), €, = 2, and
K, = 0.67 pm~"' (1/k, = 1.49 pm). The arrow indicates the region of
K,2R values corresponding to the droplets under study, with radius
R in the range 45 nm < R < 125 nm. See the SI for further
information about the calculation.

thickness R between the water phases, Figure 3c) and insert
two parallel sheets S with surface charge density ¢ in the water
phase, at a distance of 3 A (the size of a water molecule) away
from the oil/water interface, in order to mimic two opposing
layers of adsorbate. We calculate the electric potential V(z) by
solving the linearized Poisson—Boltzmann equation (where z is
the distance perpendicular to the oil/water interfaces).
Knowing V(z) we calculate the energy required to create the
two charged sheets as a function of ¢ and the thickness of the
oil phase. Setting this energy equal to the thermal energy kT,
we then obtain an expression for ¢ in terms of R. Figure 3d
shows the relative change (¢ — 6;))/0,, as a function of k2R,
where o, is the surface charge density at R = 0 and o, the
limiting values for large radius (R — o0). The Debye
parameters and dielectric constants used are those discussed
in the previous paragraph for water (&, = 78, k; = 0.33 nm™",
and 1/k; = 3 nm) and hexadecane (&, = 2, , = 0.67 um™’, and
1/k, = 1.49 um). The experimentally accessed values are 0.06 <
K2R < 0.17 (using the average intensity weighted radii; with
larger radii that are also present in the distribution the limiting
value would be 0.5). It can be seen that, as the interfaces
approach each other, the surface charge density on each sheet

decreases, as a consequence of the increasing repulsive
interaction between the charges on both sheets. The same
trend is observed when changing the interfacial thickness or
else the distance of the sheets S from the interface at a constant
R: the surface charge density on each sheet decreases as the
interfacial thickness decreases. Although this simplistic model
does not resemble a droplet interface, it shows that the
expected mechanism for the interaction of charges adsorbed to
opposing interfaces indeed occurs. This picture implies that in
the absence of any interactions stronger than the electrostatic
repulsion considered here, the spacing of charges for small
enough droplets (i.e, with R < 3 um) should be comparable to
the distance of charges in solution. To further test our
hypothesis, we compare the Debye length in solution to the
interfacial charge spacing and measure changes therein, as a
function of ionic strength.

Electrostatic Interactions in Charged Systems. To do
so, we prepared 1 vol % suspensions of ~100 nm in radius d;4-
hexadecane droplets in D,0, with a constant droplet size and
distribution with different amounts of SDS added to the
solution (similar to that in Figure lc, ref 29, SI). Figure 4a

S
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Figure 4. Electrostatic interactions. (a) SFS amplitudes of the S—O
symmetric stretch mode of DS™ ions at the interface of dj,-
hexadecane nanodroplets in D,O for different SDS concentrations
with (black) and without (green) 30 mM NaCl. The SFS spectra
were recorded in the range of 1000—1150 cm™ (b) SES spectra in
the C—H stretch region of DPPC monolayers on 2 vol % dj,-
hexadecane nanodroplets in D,0 taken for 1 mM of DPPC bulk
concentration. The symmetric methylene (d* at ~2850 cm™') and
the symmetric methyl (r* at ~2876 cm™) stretch vibrational modes
are indicated by the vertical lines. All SES spectra for (a) and (b)
were collected with the IR (vis, SF) beam polarized parallel
(perpendicular) to the scattering plane (SSP) and normalized with
the DLS size distribution according to the protocol in ref 34.

displays the SFS amplitude of the S—O stretch vibration as a
function of the total DS™ concentration in solution without
(green) and with (black) the addition of 30 mM NaCl. All
values are normalized to the SFS amplitude obtained from the
solution with the smallest amount of DS~ ions (100 uM).
Without NaCl, the surface density of DS™ anions increases by a
factor of ~2 when the DS~ concentration is varied from 100
um to 8 mM. Thus, a minimum projected surface area of 4.25
nm? is reached (at 8 mM), corresponding to an interfacial DS~
spacing of >2.1 nm. Additionally, the Debye length in the bulk
solution is ~3 nm. The similarity of the two values is striking
and, in the absence of ion pairing,43 in agreement with the
prediction presented above, namely, that the surface charge
separation should be similar to the spacing of surfactant
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molecules in the aqueous phase. With 30 mM NaCl and 8 mM
SDS (1/k = 1.57 nm), Figure 4a shows that the SFS amplitude
increases to a higher value, corresponding to an increased
surface density by ~2.2 times at 8 mM, equivalent to a
projected surface area of >2.1 nm” per DS~ ion. This area
corresponds to a surface spacing of >1.5 nm, again close to the
Debye length in solution.

Thus, increasing the electrostatic screening in the bulk
solution results in an interfacial layer that is more densely
packed. Note that higher NaCl concentrations will not lead to
even more densely packed films, as this will instead result in
more efficient micellization (the cmc for SDS is 3 mM with 30
mM NaCl added to the solution**). In addition, the
resemblance between the ion spacing at the interface and the
Debye length in solution suggests that, indeed, the small
droplets do not screen the electrostatic field from interfacial
surfactant molecules. Thus, the surfactants experience the same
electrostatic field on the droplet surface as in the bulk, and this
is expected for all aqueous solutions of nanoparticles that have a
low dielectric constant and negligible amount of charged
species in their bulk phase. On the contrary, on extended planar
interfaces a surfactant molecule close to the interface does not
experience any electrostatic field through the oil phase (Figure
3a), while a surfactant molecule in the bulk water experiences
the electrostatic field from all surfactant molecules in solution at
a distance up to 4/k. This difference from the nanodroplets is
reflected on the ion spacing at the flat interface, which is ~0.7
nm,”” clearly smaller that the Debye length of ~3 nm. This
tight packing is also facilitated by counterion condensation,
which is also different for different surface geometries® and
further reduces the electrostatic repulsion between like charges.

To confirm the importance of counterions, we compare the
surface density of DS”, DTA", and hexanol to that of a
zwitterionic lipid, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC). Figure 4b shows the SFS spectrum of the C—H
stretch mode region of DPPC lipids adsorbed at the ds,-
hexadecane/D,0 nanodroplet interface. Comparing the SES
spectra of droplets coated with different amounts of DPPC, and
comparing the data to SFG spectra from a DPPC monolayer at
the air/water interface with a known surface density, it was
found that DPPC can self-assemble to form a dense monolayer
with a projected molecular area of 0.48 nm.”” This confirms
that, for the case of charged surfactants that are adsorbed as
dissociated charges, there is a net repulsion between the surface
ions, which ensures droplet stability, but also reduces the
surface density. However, as determined from the above
discussion, a high surface density of surfactants (above a certain
barrier) is apparently not needed for droplet stability. Indeed,
adding NaCl to the emulsion with SDS does not result in a
difference in the stability of the nanodroplets, while it does lead
to an increase in the surface density of DS™.

CONCLUSIONS

We have investigated the stability and molecular structure of oil
nanodroplets in water that were stabilized with negatively
charged, positively charged, neutral, or zwitterionic molecules.
We used a combination of methods that report on macroscopic
properties and molecular interfacial structures. We find that
ionic surfactants are better stabilizers than neutral and
zwitterionic ones. Contrary to the general expectation based
on geometrical packing, that a good stability is accompanied by
a high surface density, the neutral/zwitterionic surfactants have
a >1S times higher surface density than the charged surfactants,

but the droplets are less stable. Head group hydration
influences the orientational ordering of water, which is affected
by both charge—dipole interactions and hydrogen bonding.
Specifically, hexanol forms hydrogen bonds with water and, as a
consequence, there is a polarized layer of weakly oriented water
dipoles that provides some stability to the droplets. DTA" ions
repel each other and form a dilute interfacial layer, with the
somewhat hydrophobic cations situated inside the oil. Addi-
tionally, there is no hydrogen bonding between DTA" and
water in this system, but the interfacial water network is
disrupted because of charge—dipole interactions. DS™ ions also
repel each other, but they form a denser layer than DTAY, as
the water molecules screen the charges more effectively (by
combined charge—dipole and hydrogen-bonding interactions).
The effect of electrostatic screening on the interfacial structure
has been further investigated for DS™ ions by adding NaCl to
the solution, which results in more densely packed surfactant
layers. The surface spacing of surfactant ions is still comparable
to the Debye length in solution. In contrast, charge-neutralized
zwitterionic layers do not display this behavior and instead form
densely packed monolayers. The latter demonstrates again the
important difference between charged and charge neutral
surfactants.

The differences between nanoscale interfaces and extended
planar interfaces are caused by a difference in charge—charge
screening interactions on the submicrometer length scale. For
small droplet systems there is less screening in the oil phase,
resulting in a lower surface density of free charges. This
behavior is generic, extends up to the micrometer-scale, and is
thus expected to occur for any type of dielectric particle in
water. It is also expected to occur for the inverse system of
water droplets in oil.

MATERIALS AND METHODS

Chemicals. n-Hexadecane (C,¢Hj,, 99.8%, Sigma-Aldrich), ds,-
hexadecane (C¢Dj,, 98% d, Cambridge Isotope), h-sodium dodecyl
sulfate (99%, Biomol), d-SDS (99% d, Cambridge Isotope), h-
dodecyltrimethylammonium bromide (99%, Sigma-Aldrich), d-DTAB
(99% d, Cambridge Isotope), 1-hexanol (CH;(CH,);OH, 99.5%,
Sigma-Aldrich), 1-hexan-d;;-ol (CD;(CD,);OH, 98% d, Sigma-
Aldrich), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (99%, Avanti),
sodium chloride (NaCl, 99.999%, Acros Organics), sodium bromide
(NaBr, 98.52%, J.T. Baker), trimethyloctylammonium bromide
(OTA*, >98.0%, Sigma-Aldrich), sodium octylsulfate (SOS, ~95%
Sigma-Aldrich), and D,0 (99.8%, Armar, >2 MQ cm) were used as
received. Aqueous solutions of amphiphiles and salts were prepared
using ultrapure water (H,0, Milli-Q UF Plus, Millipore, Inc., electrical
resistance of 182 MQ cm, D,0, 99.8%, Armar, >2 MQ cm). All
glassware was cleaned with a solution of 3:7 H,0,/H,SO, and
subsequently was thoroughly rinsed with ultrapure water.

Emulsion Preparation. In order to achieve the demanded
concentrations of oil, surfactant, and salt (Figures 1, 2ab, and 4a),
stock dispersions of oil nanodroplets in water were prepared with 1,
1.5, or 2 vol % of hexadecane or dy,-hexadecane in D,O (for SES) or
H,O (for SHS). Subsequently they were diluted with solutions of
appropriate concentrations of SDS, DTAB, or hexanol and a solution
of NaCl (only in Figure 4a) in D,O or H,O. In this way the size
distribution of nanodroplets was kept constant between samples
stabilized with the same surfactant. For the preparation of the stock
solutions, the oil-in-water dispersions were mixed for 2 min with a
hand-held homogenizer (TH, OMNI International) of angular velocity
of 15 rpm and then placed in an ultrasonic bath (35 kHz, 400 W,
Bandelin) for S to 10 min. The size distribution of the droplets was
measured with dynamic light scattering (Malvern ZS nanosizer) and,
for stable samples, was consistently found to have a mean radius in the
range of 45—125 nm with a PDI of less than 0.2. In the case of DPPC
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(Figure 4b), a lipid monolayer on oil nanodroplets in water was
prepared with 2 vol % of hexadecane or dj,-hexadecane in D,O (for
SFS) or H,O (for SHS). The solutions were mixed at a temperature of
45 °C (above the transition temperature of 41 °C for DPPC) with 1
mM of DPPC powder using the above-mentioned homogenizer for 4
min and ultrasonic bath for the same duration. The dispersion had an
average radius of 110 nm and a PDI of less than 0.2. The
hydrodynamic radii were calculated from the intensity autocorrelation
function, using the optical properties of the liquids (hexadecane, d,,-
hexadecane, and D,0). The samples were stored and measured in
sealed cuvettes. All measurements were performed at 24 °C. The
resultant droplet system was used for SFS measurements and was
diluted to 0.1 vol % of hexadecane with pure water for SHS
measurements. All data were recorded using, for each surfactant, the
same droplet stock sample, excluding variations in droplet size
distribution.*

Second-Harmonic Scattering. For second-harmonic scattering
measurements, the setup has been previously described in detail in ref
61. Incoming laser pulses of 190 fs centered at 1028 nm with a 200
kHz repetition rate were filtered with a long pass filter (FEL0750,
Thorlabs) and focused by a plano-convex lens (f = 7.5 cm) into a
cylindrical glass sample cell of inner diameter of 4.2 mm. Their
polarization was controlled by a Glan-Taylor polarizer (GT10-B,
Thorlabs) and a zero-order half-wave plate (WPHOSM-1030). The
scattered SH light was collected with an iris of 10 mm diameter
(acceptance angle of 11.4°), collimated by a plano-convex lens (f = S
cm), and focused by a second plano-convex lens (f = 3 cm) on a
photon multiplier tube (H7421-40, Hamamatsu). The measurement
was taken with a gate width of 10 ns and acquisition time of 1 s. The
measured light was filtered with a band-pass filter (ET525/50,
Chroma), and its polarization direction was selected by a Glan—Taylor
polarizer (GT10-A, Thorlabs). The maximum SH intensities were
measured for a scattering angle of 35°. The plotted data were
normalized to the PP signal of neat water:

1(9 = 350)3HS,droplets,PPP - 1(9 = 350)HRS,soluﬁon,PPP

1(6 = 350)HRS,water,PPP

The reproducibility of the SHS measurements is in the range of 1-2%.
All data points were acquired with a 50 X 1 s acquisition time.

Sum Frequency Scattering. For vibrational sum frequency
scattering measurements, the setup has been previously described in
detail in refs 48 and 62. An infrared (IR) and a visible (vis) laser beam
were temporally and specially overlapped under an angle of 20°
(measured in air) in a sample cuvette with a path length of 200 ym.
The IR pulses were centered at 2900 cm™ (fwhm = 160 cm™) for the
measurement of C—H stretch vibrational modes and at 1080 cm™
(fwhm = 120 cm™) for the measurement of S—O vibrational modes,
and the vis pulses at 12 500 cm™" (fwhm = 12 cm™) at a repetition
rate of 1 kHz. The polarization of the IR beam was controlled by two
BaF, wire grid polarizers (Thorlabs, WP2SH-B), while of the vis beam
by a polarizing beam splitter cube (CVI, PBS-800-050) and a half-wave
plate (EKSMA, 460-4215). The SFS light was measured at a scattering
angle of 57°, collected and collimated by a plano-convex lens (f = 15
mm, Thorlabs LA1540-B). Subsequently the polarization state of the
SFS light was controlled by a Glan—Taylor prism (Thorlabs, GT15-B),
and it was filtered by two short wave pass filters (3rd Millenium,
3RD770SP). Finally it was spectrally dispersed with a monochromator
(Acton, SpectraPro 2300i) and detected with an intensified CCD
camera (Princeton Instruments, PI-Max3). The gate width was set to
10 ns, and the acquisition time for a single spectrum between 150 and
300 s. All SES spectra shown were normalized by an SFG spectrum
obtained in reflection geometry from a z-cut quartz crystal. For the
concentration series a reference sample was measured between every
other measurement to detect and correct for possible fluctuations
during the course of the experiment.

Raman Hydration Shell Spectroscopy. For the acquisition of
Raman hydration shell spectra, the experimental setup and the
measurement analysis have been presented before (see SI of ref 54 and
the references therein). Briefly, an argon-ion laser centered at 514.5

nm was used as the excitation source, with approximately 15 mW of
power at the sample. Duplicate spectra were collected with an
integration time of S min. The backscattered Raman photons were
collected and delivered at the entrance slit of a 300 gr/mm-grating
using a fiber bundle consisting of seven 100 um core diameter fibers
(arranged in a close packed circular array at the collection end and a
linear stack at the entrance slit). The spectral resolution of the Raman
system is estimated as ~1 nm (~25 cm™' or ~4 CCD pixels). All
Raman spectra are unpolarized, including both S and P polarized
scattering. The Raman-MCR decomposition of measured spectra into
SC and pure water components was performed using self-modeling
curve resolution by keeping the Br™ concentration the same in both
solvent (as Na'Br~) and OTA" surfactant solutions (as
OTA'Br™).°*** Since the O—H stretch signature of water molecules
around Na® ions is virtually indistinguishable from that of pure
water,”® Na* ions have essentially no influence on the above SC
spectra or those obtained from OS™Na" surfactant solutions (with salt-
free water as the solvent).
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