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ABSTRACT: We present sum frequency scattering spectra on
kinetically stabilized emulsions consisting of nanoscopic oil dro-
plets in water, stabilized with sodium dodecyl sulfate (SDS). We
have measured the interfacial structure of the alkyl chains of the
surfactant molecules, the alkyl chain of the oil molecules, the
weakly dispersive D,O response, and the interference between
SDS and the oil. We find a big difference in chain conformation:
SDS has many chain defects, whereas the oil has very few. Our
spectra are interpreted to originate from a surface structure with oil

oil
oil

molecules predominantly oriented parallel with respect to the plane of the interface. The SDS headgroup is surrounded by water
molecules. The SDS alkyl tail is in a disordered state and partially in contact with water. Such a conformation of surfactant occupies a

surface area of several hundreds of squared angstroms.

B INTRODUCTION

If surfactants are added to an oil/water system, they will occupy
the interfacial region until a significant portion of the surface layer is
packed with surfactant. When the maximum coverage is reached, the
surfactant will form micelles in the bulk phase. This concentration is
called the critical micelle concentration." This idea was proposed in
the early 20th century” and originated from surface tension
measurements that could be explained by a theory for oriented
adsorption. Oriented adsorption in an oil/water system occurs with
molecules that are amphiphilic, i.e., partially hydrophilic and partially
hydrophobic. Such molecules have an affinity for both the oil and
the water phase and are therefore highly surface active. The
explanation for the lowering of surface tension was directly trans-
ferred to explain the experimental observation that emulsions appear
to be stabilized by the same molecules that would reduce the surface
tension.* From experiments on planar oil/water systems and
microemulsions, it is widely accepted" that (i) in most cases a large
amount of surfactant is needed to stabilize emulsions, that (ii) below
the critical micelle concentration surfactants primarily reside as a
somewhat oriented layer at the interface of the oil droplet in water,
and (jii) that the hydrophobic tail will mix with the oil, while the
hydrophilic headgroup will mix with the water.

In the past decades, this general picture has been refined by
numerous experiments reviewed in, e.g, refs 5—7, involving
X-ray diffraction,”” ' neutron scattering,”'*~>* (dynamic) sur-
face tension measurements,®*>~° viscoelastic measurements,”® >’
second harmonic generation,® ellipsometry,'"*' > and sum
frequency generation.”*” ** The anionic surfactant sodium do-
decylsulfate (SDS) has been studied with sum frequency gen-
eration (SEG) at the air/water interface®*****>*7 and at the
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CCl,/water interface.”>’ Cationic alkyltrimethylammonium

bromide surfactants have been studied with sum frequency
generation (SEG) at the air/water interface® >* and the hex-
adecane/water interface.***® Neutron reflection measurements
have also been performed*” as well as ellipsometry measure-
ments of the temperature-dependent wetting of hexadecane.*
These measurements have shown that three phases exist on this
alkane/water/dodecyltrimethylammonium bromide (DTAB)
interface: a 2D gas phase, a liquid phase comprising a mixed
monolayer of hexadecane and the surfactant, and a 2D “solid”
phase. Surfactants can also induce surface freezing,®' which
occurs on alkane/air interfaces®® but, for reasons that are unclear,
not on alkane/water interfaces.” Surfactant surface areas are
reported in the range of 40—70 A”, whereby the occupied surface
area is found to be larger on the oil/water interface than on the
air/water interface.

The properties of kinetically stabilized emulsions are generally
understood with the above-described behavior in mind.>***
Kinetic stability refers to the fact that, although the lifetime of
an emulsion can be years, emulsions ultimately undergo a phase
separation. Some observations can be interpreted as pointing
toward a situation that requires a surfactant surface density that is
much lower than 40—70 A For example, when droplet size in a
kinetically stabilized emulsion is reduced down to the nanometer
scale the droplet surface area becomes so large that the amount of
surfactant in the sample is not enough to create interfaces with a
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surfactant area of 40—70 A2, Instead, the calculated surface area s
10 to 100 times lower.>* Nevertheless, nanoemulsions are very
stable. It has also been reported*®™*® that stable emulsions can be
prepared that do not require surfactant. The charge density
needed to stabilize an emulsion is estimated to be in the range of
0.016 ¢ /nm” (ref 59) to 0.3 ¢ /nm” (ref 57). If this charge
would originate from a surfactant, then it cannot be in corre-
spondence with the mentioned surface area of 40—70 A”.

Commonly employed techniques for the study of fundamental
processes that determine the structure and stability of kinetically
stabilized emulsions typically probe parameters such as pressure
or surface tension or overall charge (zeta potential) 5761763 which
are not direct measures of the droplet interfacial molecular
structure. For most molecular probes the surrounding medium
forms an impenetrable barrier. As a result, the molecular inter-
facial properties of emulsion droplets are still unknown.>*>>%*

Since the mid-90s pioneering work by the Eisenthal group has
shown that Second Harmonic Scattering (SHS) could be used to
elucidate the hidden properties of solid particles or droplets in
solution.®”® Vibrational Sum Frequency Scattering®”*® (SES)
spectroscopy builds upon those developments. It relies on the
same principles as SHS with the additional feature that a
vibrational spectrum can be recorded for any of the species that
reside at the interface. In SFS experiments there are two
important length scales: the molecular length scale of the
molecules on the droplet interface and the size of the droplets.
The latter is what makes scattering experiments distinctly
different from reflection experiments from a planar interface
(see ref 69 for a discussion of the differences). When droplets are
in the size range of ~100 nm they are large enough for the
generated SF field to experience a different phase at different
parts of the droplet surface. Thus, coherent addition of the
generated SF photons on the droplet surface will lead to a
nonvanishing SF signal that appears with a maximum scattering
angle in a certain non-phasematched direction.

The molecular length scale is important as well. On the molecular
length scale the local inversion symmetry determines whether an SF
photon will be generated. An alkyl chain with an all-trans conforma-
tion and an even number of CH, groups has inversion symmetry
centers between each interchain C—C bond. Selection rules dictate
that there will be no SF photons emitted from the symmetric CH,
stretch vibration (d* mode). In contrast, surface-bound all-trans
chains are terminated by ordered CHj; groups, so that coherent
addition of the SF electric field components will result in a stron,
signal at the frequency of the symmetric CH; stretch vibration (r
mode). A collection of all-trans alkyl chains will therefore have an
amplitude ratio of the d* mode and r" mode close to 0. If chain
defects are present in the alkyl chains the inversion symmetry
centers are removed, and the intensity of the symmetric CH, stretch
vibration will increase. Coherent addition of the SF electric field
components of a collection of randomly oriented methyl groups will
result in a weak symmetric CHj stretch signal.*””®”" A collection of
disordered alkyl chains will therefore have an amplitude ratio of the
d" mode and r'" mode that is large. The order in alkyl chains on a
surface can therefore be represented by the d/r-ratio. This d/r-ratio
has been determined for n-hexadecane at the hexadecane/air inter-
face (at room temperature, 24 °C) where d/r = 3.3.”* For SDS
adsorbed on the water/CCl, interface in various amounts compared
to the critical micelle concentration (cmc), the d/r-ratio ranges from
d/r = 1.5 for SDS concentrations of 0.1 mM SDS down to d/r=1—
0.76, for SDS concentrations of 1—10 mM SDS.** The cmc of SDS
is 8.1 mM at 298 K. For hexadecyltrimethylammonium bromide
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Figure 1. Top: SF amplitude in ssp and ppp polarization combinations
of the sulfate stretch vibrational mode at 1070 cm ™, obtained from
measuring SF spectra of hexadecane droplets prepared with constant
droplet size distribution and different total concentration of SDS
surfactant. The SF amplitude is proportional to the SDS surface excess
(N,). Bottom: The corresponding upper limit for N, derived from the
amplitude data. The solid blue line is a fit to the modified Langmuir
adsorption model.

(CTAB) adsorbed on the n-hexadecane-ds,/D,0O planar interface
values are reported ranging from d/r = 1.6 for CTAB concentrations
of 0.05 mM down to d/r = 0.5, for CTAB concentrations of 0.6 mM.
For CTAB adsorbed on the air/D,O interface, values are reported
ranging from d/r = 1.75 for CTAB concentrations of 0.05 mM
down to d/r = 0.8 for CTAB concentrations of 0.9 mM at 298 K.*°
The cmc of CTAB is 0.9 mM.

Recently, we have conducted SFS experiments on the oil
droplet—water interface stabilized by SDS, in which we followed
the change in surface density as a function of SDS concentration
by monitoring the sulfate symmetric stretch scattered SF signal in
multiple polarization combinations. For an emulsion series
prepared with constant droplet concentration and size we found
that the SF amplitudes change only by a factor of 3 when the total
SDS concentration is varied from 50 uM to 10 mM. We con-
cluded that the interfacial density of adsorbed SDS is at least 1
order of magnitude lower than the interfacial density at a
corresponding planar interface. The derived maximum decrease
in interfacial tension was only 5 mN/m.”> The results of this
study are summarized in Figure 1.

Here, we present SF scattering spectra on similar kinetically
stabilized emulsions of sub-micron-sized oil droplets in water.
Because we measure vibrational resonances, selective deuteration
can be used to measure the interfacial structure of the alkyl chains
of the surfactant SDS molecules, the alkyl chain of the oil
molecules, the weakly dispersive nonresonant response, and
the interference between SDS and the oil. We have determined
the SDS alkyl chain conformation and the oil chain conforma-
tion, for different concentrations of SDS and different oil chain
lengths. We find a big difference in chain conformation. SDS has
many chain defects, and the oil has very few. Interference
experiments and structure determination of SDS and oil as a
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function of oil chain length are also described. We explain our
observations using time scale arguments.

B SFS BACKGROUND

In an SFS experiment, mid-infrared (IR) and visible (VIS)
pulsed laser beams are overlapped inside a cuvette containing
dispersed particles in a liquid or solid matrix.”*”> At the droplet
interface, a second-order nonlinear polarization (P(z)) is created
which oscillates at the sum of IR and VIS frequencies. This
polarization is small but does not vanish because there is a phase
difference between the polarization components generated on
different parts of the droplet surface. Therefore, sum frequency
(SF) photons can be emitted. Interference of the SF field that is
generated on different positions on the surface of the droplet
produces a scattering pattern in the far-field. The scattering
pattern depends on the droplet size”®””® which, for the size range
used in this study has, a broad maximum intensity at a scattering
angle (6) of @ ~ 60° as measured from the direction of the sum
of IR and VIS wave vectors.

The SF intensity contains surface structural information and is
resonantly enhanced when the energy of the IR photons equals
the energy of a vibrational transition. Using a broad band
femtosecond IR pulse, multiple vibrational resonances within a
frequency range of ~150 cm™ ' are excited and subsequently
upconverted by a narrow bandwidth VIS pulse. The resulting
scattered spectrum represents the average vibrational spectrum
of the interface of all droplets in the region where both laser
pulses overlap.

To obtain the contribution of each vibrational mode, the
spectra can be described with the following well-known expres-
sion, in complete analogy® with SEG experiments in reflection
mode from planar interfaces”®

Isps(, 0) o<

n

N, A,(60) )‘2

(w — wo,) + Y,

> <ANRf(cu, ) +
(1)

where Nj is the surface density of molecular groups and Ayg is
the amplitude of a weakly dispersive background, f(w,0) the
spectral shape of the weakly dispersive background, n a vibra-
tional mode with resonance (RES) frequency w,,, A,(0) the
angle-dependent amplitude, Y, the half width at half-maximum
of vibrational mode 1, and A¢ the phase difference between the
resonant and weakly dispersive background signal.

For the experiments described here, the spectral shape of the
weakly dispersive background f(w,f) can be measured by
deuterating all components in the sample. For this case, the SF

signal will be proportional to [f(w,0)|>.

B EXPERIMENTAL SECTION

Materials and Emulsion Preparation. The oil-in-water emul-
sions were made as follows: 2 vol % of oil (n-hexane, n-dodecane,
or n-hexadecane) and a 1 mM solution of SDS (or d,5-SDS) in
D,O were mixed in a 4 mL vial using a hand-held homogenizer
(TH, OMNI International) for S min. These mixtures were
placed for 1S min in an ultrasonic bath (35 kHz, 400 W
Bandelin), to produce emulsions that were stable against cream-
ing. The resulting emulsion was used as a stock sample, which
was further diluted with a solution of SDS in D,O to obtain
samples with a fixed volume fraction (1 vol %) and a varying final

SDS concentration. The size distribution of the droplets in our
samples was kept constant with a mean radius in the range of 80—
130 nm and polydispersity index (PDI) of <0.2. For every data
set, these values were determined by Dynamic Light Scattering
(DLS), using a Malvern ZS nanosizer.

n-Hexadecane (C16), n-dodecane (C12), n-hexane (C6)
(=99%, Merck), dss,-hexadecane (d-C16), dys-dodecane (d-
C12) (98% D, Cambridge Isotope), D,O (99% D, Aldrich),
and d,5-SDS (d-SDS, 98% D, Cambridge Isotope) were used as
received. Sodium dodecylsulfate (SDS) (>99%, Alfa Aesar) was
purified by multiple recrystallization cycles in water and ethanol
until the surface tension on water at a total concentration of
4 mM SDS (measured with a Wilhelmy plate method) was no
longer changing (see ref 80). Glassware was cleaned with a 3:7
H,0,:H,S0O, solution, after which it was thoroughly rinsed with
ultrapure water (0.053 #S/cm, TKA) to remove residual chemicals.

Laser System and Detection. The SF scattering experiments
were performed using 1 kHz IR pulses centered around ~2900 cm ™'
(8—12 wJ, 150 fs, fwhm bandwidth 120 cm™ ') spatially and
temporally overlapped with 800 nm VIS pulses (8—15 4], fwhm
bandwidth 5—13 cm ') in a cuvette containing the emulsion.
Detailed information about the laser setup can be found else-
where.*" IR and VIS pulses were focused down to a ~0.4 mm beam
waist under an angle of 15°. The polarization of the IR beam is
controlled by two BaF, wire grid polarizers. The polarization of the
VIS beam was controlled by a polarizer cube and a half-wave plate. p-
Polarized beams are polarized parallel to the (horizontal) plane that
contains all incoming and scattered beams, whereas s-polarized beams
are polarized in the (vertical) plane perpendicular to that. Through-
out the text, polarization combinations are defined with a three letter
code with the SF polarization first and the IR polarization last. The
cuvettes (Hellma 106 O.20-40) had a 0.2 mm optical path length and
were made of detachable windows with the beam entrance side made
out of CaF, and the beam exit side made out of quartz.

The SF scattered beam was collimated with a 0.5 in. diameter
imaging lens (f = 18 mm, Thorlabs LA1074B) and directed
toward the detection system with two 2 in. silver mirrors. The
imaging lens was placed at a scattering angle (6) of 60°, whereby
the sample cell exit window was oriented perpendicular with
respect to the outgoing scattered light. The SF signal was
polarization selected with a Glan-Taylor CaF, prism and spec-
trally filtered with two short-pass spectral filters (Thorlabs
FES750 and Omega Optical 3RD-770) placed before the en-
trance slit of the spectrometer (Shamrock 303i, Andor Tech-
nologies). The SF signal was spectrally dispersed onto an
intensified CCD camera (i-Star DH742, Andor Technologies),
which employed a timing gate of 8 ns. The acquisition time of a
single spectrum was 300 s.

Recorded SF spectra are plotted as a function of IR wavenumber.
The data were processed as follows: the data were baseline subtracted
and normalized by dividing the measured counts by the input
energies of the IR and VIS pulses (in microjoules, measured before
the sample) and acquisition time (in seconds). This signal was
divided by a normalized IR pulse spectrum, which is routinely
measured before and after each experiment.

B RESULTS

Surfactant vs Oil SF Spectra. To compare the structure of the
surfactant alkyl and oil alkyl chains we have made use of selective
deuteration of the surfactant, the oil, or both. Figure 2 shows SES
spectra of emulsions prepared with 8 mM h-SDS and d-C16
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Figure 2. SFS spectra of the oil-in-water liquid/liquid interface of small
droplets composed of 1 vol % n-hexadecane dispersed in D,0 and 8 mM
SDS. Top: The h-SDS signal (using deuterated hexadecane). The
droplets had an average radius of 103 nm. Middle: The h-C16 signal
(using deuterated SDS). The droplets had an average radius of 103 nm.
Bottom: the weakly dispersive nonresonant background, obtained using
d-SDS and d-C16. The left (right) panel shows the ssp (ppp)-polariza-
tion. The black lines are fits as described in the text.

(top panel) or 8 mM d-SDS and h-C16 (middle panel) in D,O.
The left panels display polarization combination ssp, and the
right panels display polarization combination ppp. From top to
bottom the graphs show the signal of the SDS alkyl chains (using
deuterated hexadecane, d-C16), the signal of the hexadecane
alkane chains (using deuterated SDS, d-SDS), and the “non-
resonant” or broadly dispersive background of the D,O (using
d-SDS and d-C16). The spectra were fit using eq 1, whereby the
polynomial fit to the measured response of the fully deuterated
samples was used as f(w). For both hexadecane and SDS, the
resonant part is composed of the well-known spectral features of
the C—H stretch modes: The symmetric methylene stretch
vibration (d*, at 2855 cm™ '), the symmetric methyl stretch
mode (r', at 2878 cm™ '), the Fermi resonance of the CHj
bending mode overtone with the CH; stretch mode (", at
2939 cm™ '), and the asymmetric methyl stretch mode (r~, at
2959 cm ™ '). These values correspond well with those reported
for hexadecane at the air/hexadecane interface, the D,O/CTAB/
hexadecane interface,*® and SDS at the CCl,/water interface.>>”>
In these spectra there is also a clear peak at 2980 cm™ ', which is
not present in the mentioned references.

If we divide the vibrational response of the d” mode by that of
the r'* mode we get d/r ratios that can be used to quantify the
order in the alkyl chains (i.e., a measure of the number of non-all-
trans bonds). For n-hexadecane we obtained, by averaging over
11 data sets, a d/r-ratio of 0.88 = 0.42 and a phase difference A¢
between the weakly dispersive part and the resonance part of 0 &
10°. In contrast, the spectrum of h-SDS has a peak at the
symmetric CHj stretch mode with lower relative intensity, and
the obtained d/r ratio is 4.3 £ 0.42 (determined by averaging
over eight data sets). The obtained best fit for the phase
difference A¢ between the weakly dispersive part and the
resonances was 113° &£ 10°. Both ppp and ssp data sets were
fit with the same value of A¢, whereby we have used the weakly
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Figure 3. SFS spectra of the oil-in-water liquid/liquid interface of small
droplets composed of 1 vol % n-hexadecane in D, O and various amounts
of SDS. Left panel: ppp-polarization (top) and ssp-polarization
(bottom), for an emulsion made with SDS and fully deuterated oil,
using 0.5, 1, 2, and 7 mM SDS (average radius = 120 nm). Right panel,
top: SF spectra in ssp-polarization for an emulsion made with deuterated
SDS at the same concentrations and nondeuterated n-hexadecane
(average radius 130 nm). The top bottom panel shows a summary of
d/r order parameters (red points) measured on the oil/water droplet
interface for SDS surfactant and hexadecane oil, plotted against the
surface area per molecule that was determined previously.”* The black
points for the SDS on the D,0/CCl, planar interface were taken from
ref 37, and the hexadecane/air interface was taken from ref 72. The solid
line is a guide to the eye.

dispersive response that was measured for each polarization
combination (displayed in the bottom part of Figure 2).

Effect of Surfactant Concentration. To get more insight into
the large mismatch in d/r ratios (4.3 for h-SDS vs 0.88 for h-C16)
we have taken SF spectra for emulsions prepared with changing bulk
concentrations of SDS and followed the response of both the SDS
(Figure 3, left panel) and the oil (Figure 3, right top panel). The left
panel shows SES spectra for different total concentrations of SDS,
prepared with constant droplet density and total interfacial area.
From 0.5 mM (0.06 x cmc) up to 8 mM (0.99 x cmc) the SF
signal increases, which reflects an increase in SDS density at the
interface. The change in intensity is a direct indication of a change in
SDS interfacial density of a factor of ~2.6. The oil spectra are shown
in the top right panel and show no change in intensity or spectral
shape if the SDS concentration is increased.

For the SDS spectra the d/r ratios were determined in the
same way as described above and varied from 4.2 up to 15 (from
averaging over five data sets). The error bar at d/r = 15 indicates
that the amplitude of the sym. CHj stretch mode has become so
small that it is below the noise level. The d/r values for SDS are
plotted in the bottom right panel of Figure 3. The surface areas
per SDS molecule on the x-axis are upper limit values, deter-
mined from fitting the concentration-dependent SF response for
various polarization combinations of the sulfate stretch mode to a
modified Langmuir model using appropriate boundary condi-
tions, as summarized in Figure 1. See ref 73 for a detailed
description. Literature data for SDS on the D,0O/CCly planar
interface were taken from ref 37, and the values from the hexade-
cane/air interface were taken from ref 72.
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Figure 4. Left: Interference of SDS and C16. The green spectrum
shows the ssp signal for droplets prepared with d-C16 oil and h-SDS.
The red spectrum shows the ssp signal for droplets prepared with h-C16
oil and d-SDS. The blue spectrum shows the ssp signal for droplets
prepared with h-C16 oil and h-SDS. Right: Ilustration of possible
surface scenarios. Top: The SF fields of one SDS molecule and one oil
molecule cancel against each other. The majority of oil molecules deter-
mines the signal. This scenario does not explain the data. Bottom: The
SF field of one SDS molecule has a comparable magnitude (but different
phase) to the SF field generated by many oil molecules, resulting in near
cancelation of the signal.

Interference between the Oil and the SDS SF Response.
To compare the signal strength of both the oil and the surfactant
we have prepared emulsions with D,0, hydrogenated oil (h-C16),
and hydrogenated SDS (h-SDS) as constituents. Figure 4 shows
the ssp spectra for three different samples: d-C16 4 h-SDS,
h-C16 + d-SDS, and h-C16 + h-SDS. It can be seen that the
spectrum of the h-C16 + h-SDS sample has an extremely low
intensity. This low intensity is caused by the interference of the
electric field components of the C—H stretch modes of the oil
and surfactant molecules on the interface. The phase difference
between the oil and surfactant field causes destructive interfer-
ence, which results in a nearly vanishing signal. Since the
resultant field has almost vanished, the SF field from the SDS
and the oil molecules is of nearly equal strength. The same result
can be achieved starting from a surfactant-free emulsion, pre-
pared with D,O and h-C16. Adding h-SDS to the emulsion
reduces the signal to the level observed in Figure 4.

Effect of Oil Alkyl Chain Length. To get more insight into the
structure of the alkane layer and its interaction with the SDS at the
interface, we have changed the oil alkane chain length and measured,
again by selective deuteration, the response of both the SDS and the
oil. The left panel of Figure S displays the h-SDS alkyl chain con-
formation in both ppp and ssp polarization, measured with d-C12 and
d-C16 oil. It can be seen that when the oil chain length is decreased
from d-C16 to d-C12 the SDS SF spectra are almost identical.

For the case of reversed deuteration, the SF signal for hexa-
decane (h-C16), dodecane (h-C12), and hexane (h-C6) droplets
prepared with 8 mM d-SDS is plotted in the top left panel. It can
be seen that the signal changes dramatically at the high frequency
side when the chain length is decreased. The relative intensity of
the asym. CH; mode increases significantly. The intensity of the
sym. CH; mode increases as well, but this is less pronounced, as
the " and d* mode have a weak response in all h-alkane spectra.
The bottom right panel displays the amplitude of the asym. CH;
stretch mode, determined from spectral fitting.

W DISCUSSION

Interpretation of the Data. Here, we will discuss the im-
plications of the measurements done on the structure of the oil,
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Figure S. Left panel: SDS response as a function of oil chain length. SF
scattering spectra of h-SDS on the oil-in-water liquid/liquid interface of
droplets composed of either 1 vol % d-C16 in D,O and 8 mM h-SDS
(average radius = 95 nm) or 1 vol % d-C12 in D,O and 8 mM h-SDS
(average radius = 90 nm). Right panel top: Oil response as a function of
oil chain length. SF spectra for emulsions composed of 1 vol % h-C16,
h-C12, and h-C6 in D,O prepared with 8 mM d-SDS. Right bottom
panel: Amplitude of the asymmetric stretch mode for different alkane
chain lengths.

the surfactants, and the interference measurements. Previously,
we have conducted SFS experiments on the oil droplet/water
interface stabilized by SDS, in which we followed the change in
surfactant surface density as a function of SDS concentration.
This was done by monitoring the sulfate symmetric stretch mode
scattered SF signal in multiple polarization combination (see
Figure 1 for a summary). It follows from eq 1 that the SF
amplitude depends linearly on the surface density of vibrational
groups. For an emulsion series prepared with constant droplet
concentration and size, we found that the SF amplitude changes
only by a factor of 3 when the total SDS concentration is varied
from

S0 uM to 10 mM. This allowed us to estimate that the smallest
projected area per SDS molecule at the cmc was 4.25 nm”
(this corresponds to a maximum surface density of 3.92 £ 0.13 x
10~ mol/ mz).73 We will describe our interpretation of the data,
keeping the low surface densities in mind.

From the SF spectra in Figure 2, we have seen that the chain
order in the alkane chains of the hexadecane is large so that the
alkane chains that generate our spectra possess only a few gauche
defects. The d/r-ratio of 0.88 &£ 0.42 is smaller than the value
reported by Esenturk et al. (d/r = 3.3, ref 72) for the hexadecane/
air interface. This means that the hexadecane alkyl chains at the
droplet oil/water interface are well ordered and a bit more
ordered than hexadecane at the hexadecane/vapor interface. In
contrast, the SDS at the interface (at 8 mM) has a d/r ratio of 4.3
which is indicative of a high number of gauche defects and a
structure that is more disordered.

Clearly visible in the ppp spectra of SDS and C16 as well as in
the ssp C16 spectrum is a peak at 2980 cm ™', which has not been
reported for either SDS on the CCl,/water or hexadecane/air
interface. It is most likely due to the asymmetric stretch mode of

2974 dx.doi.org/10.1021/jp200536k |J. Phys. Chem. B 2011, 115, 2970-2978



The Journal of Physical Chemistry B

the CHj; groups. Further analysis on the exact assignment is
needed, but it could be related to the interaction of CH; groups
and water as suggested by Scheiner et al.**

Figure 3 (left panel) shows that if we increase the concentra-
tion of SDS (while keeping the droplet size distribution con-
stant) the spectral intensity increases, which is indicative of an
increased surface density. The SDS interfacial density is in-
creased by a factor of ~2.6. This factor is in agreement with
the data in Figure 1. Figure 3 (bottom right) shows the d/r values
from our study plotted against the lower limit for the area per
molecule as estimated earlier (see ref 73). The d/r values increase
from 4.3 to 15, which means that the SDS becomes more
disordered at lower concentrations and thus higher available
surface areas. This is a consistent observation: a larger molecular
area scales with a larger amount of conformational freedom. The
d/r values reported for SDS at the planar CCl,—D,0 interface®”
are plotted in the same figure. One can observe a trend in the
molecular area vs d/r ratio curves that holds for both data sets: a
more densely packed surface will have a more ordered conforma-
tion. The fit through the data points is a guide to the eye.

The oil spectra in Figure 3 (top right) show no change in
intensity or spectral shape if the SDS concentration is increased.
Thus, SDS does not strongly influence the oil SF response. This
could be due to several effects:

(1) The SDS has such a low density that it perturbs only a tiny
amount of the oil molecules. The signal change that results
from SDS/oil interaction is below our detection limit.

(2) The SF signal originates from the second oil layer and not
from the first.

(3) The SDS is not interacting strongly with the oil molecules.

The most likely of these three scenarios can be deduced by
performing SES experiments on a sample prepared with hydro-
genated SDS (h-SDS) and hydrogenated oil (h-C16). Since the
SF field components of oil and SDS are out of phase, there will be
destructive interference between the electric SF field compo-
nents generated from the oil and the SDS. If the SDS is at a too
low concentration to perturb the oil signal (irrespective of orien-
tation) or if we are measuring SF photons from the second oil
layer only, the h-SDS + h-C16 spectrum will not be significantly
different from the d-SDS + h-C16 spectrum. If, on the other
hand, there is enough SDS on the surface to generate a signal
comparable to the oil signal the h-SDS + h-C16 spectrum will be
much lower in intensity than the d-SDS + h-C16 spectrum.
Figure 4 shows that the h-SDS + h-C16 spectrum is much lower
in intensity than the d-SDS + h-C16 spectrum. This indicates
that there is enough SDS on the surface to interact with the oil. If
the SDS would perturb the oil structure we would have to see a
change in the oil spectra in the top right panel of Figure 3.

The question that now arises is: How can such a low density of
surfactant have such a large effect in the interference experiment?
On the oil/water surface the projected surface area of a perpen-
dicular alkane molecule is ~22 A”. A parallel oriented molecule
would have a larger projected area (up to ~80 A*). Thus, de-
pending on the orientation, there are between 7 and 20 hex-
adecane molecules per SDS molecule on the droplet surface. The
signal of one SDS molecule can compete with the signal of 7—20
oil molecules if there is a difference in orientation. Since the SF
intensity is proportional to N2 <cos ¢> (with N being the
interfacial density, ¢ the angle between the C—C backbone and
the surface normal, and <> the orientational average),69 we need
only a factor of <cos ¢> ~ 0.05—0.14 to explain the difference in

signal. This can easily be achieved if the average orientational
distribution of the oil would be such that the oil orients with an
angle of ~81—85° with respect to the surface normal. It is
important to note that, in contrast to reflection mode SFG
experiments, for the SFS experiments presented here a change in
molecular tilt angle will only influence the overall intensity and
not the spectral shape of the signal. This is due to the size of the
droplets and choice of scattering angle (see ref 69 for an
explanation of these effects).

In contrast to an oil molecule oriented perpendicular with
respect to the interface, a parallel oriented oil molecule would
display a change in the methyl mode stretch intensity if the alkane
chain length is varied (because the number of surface CHj
groups changes). The result of changing the oil chain length
on the oil SF signal can be seen in Figure 5. It shows that the
spectral shape is preserved, with the most pronounced difference
being a changing amplitude of the asym. CHj stretch mode. If the
chain length is reduced from C16 to C6, the relative amplitude
increases from 1 to 1.9. This would happen only if the oil
molecules are oriented away from the surface normal.

Structure of the SDS Stabilized Oil/Water Interface. Con-
sidering all the experimental data, we arrive at a surface structure
where the oil molecules are on average oriented more parallel
than perpendicular to the surface plane. It is difficult to estimate
the exact average orientation, but the observation of a change in
the amplitude of the asym. CHj stretch mode is in agreement
with a structure with oil molecules that are preferentially lying flat
on the surface. The small d/r ratio indicates that oil molecules
have a small number of chain defects. The blue shift observed in
the asymmetric CHj stretch mode indicates that at least a portion
of the CH; groups of the oil are in contact with the water. X-ray
diffraction studies have shown that surface freezing is absent on
the alkane/water interface,” while it occurs on the alkane/air
interface.**® This could be due to parallel oriented oil when it is
in contact with water. Furthermore, theoretical simulations of the
dodecane oil/water interface predict that “the dodecane mole-
cules sitting at the first layer tend to lie flat”.*®

The SDS molecules have a low surface density and a large
number of gauche defects. The sulfate headgroup consists of four
O atoms that can act as hydrogen bond acceptors. Since
hydrogen bonds are energetically more favorable than the van
der Waals interactions between alkyl chains, it is likely that the
headgroup is fully surrounded by water molecules and therefore
adopts an orientation with its symmetry axis lined up on average
with the surface normal. The oil is hydrophobic and nonpolar,
and it is therefore reasonable to assume that there will be some
distance between the O atom in the sequence S—O—C and the
surface. The CH,—CH, bond that follows will therefore be
reasonably perpendicular. For the remainder of the SDS alky] tail
to be in contact with the oil, at least two chain defects are needed
to bend the alkyl tail toward the surface. The blue shift observed
in the asymmetric CHj stretch mode indicates that at least a
portion of the CHj; groups of the SDS are in contact with
the water.

Summarizing our discussion, the SF data are consistent with
oil molecules that are predominantly parallel oriented. SDS
resides mainly on the water side, with its sulfate group interacting
with water molecules. The alkyl tail can lie parallel on top of the
oil only if it has chain defects. In such a structure, the CH; groups
are partially exposed to water, which results in a blue shift of the
asymmetric stretch mode. The bottom right panel of Figure 4
shows an illustration of this scenario. SDS molecules in such a
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conformation can have projected surface areas of a few squared
nanometers, if they are allowed to be free to rotate around the
direction of the surface normal. This matches with our finding
that the smallest projected area per SDS molecule at the cmc was
425 nm*.”?

Comparison to Planar Oil/Water Systems and Microemul-
sions. The number of experiments done on planar oil/surfac-
tant/water systems and microemulsions is enormous (see, e.g,,
refs 5—22 and 30—48), and it is beyond the scope of our current
work to treat them all here. There are however a few important
differences between the experiments described here and mea-
surements on planar systems and microemulsions:

(i) Microemulsions are thermodynamically stable but micro-
scopically kinetically unstable mixtures of oil, water,
surfactant(s), and/or salt. Kinetic instability here refers
to the possibility that the droplet interfaces can merge so
that new droplets can be formed, and exchange of contents
between droplets is possible.** Typically, the interfacial
tension is ultralow, and the droplets are small with diam-
eters usually below 30 nm. The mixture can be character-
ized as a point in a phase diagram, and by changing the
composition different mixtures and phases can be pre-
pared. Microemulsions cannot be prepared with oil, water,
and a single chained surfactant such as SDS™ but need the
presence of a cosurfactant, or a salt, or both, to be therm-
odynamically stable. A microemulsion can be considered
as a solution of solubilized water or solubilized oil. An
alternative name that has been suggested is “swollen
micelles”.® In contrast, the emulsions studied here are
true emulsions: they are kinetically stable (i.e., no ex-
change is possible between the contents of the droplets on
the time scale of the experiments) but thermodynamically
metastable and consist of oil droplets surrounded by water.

(i) Experiments on planar systems are often done on a water
surface, which has been covered with surfactant. This
layer is subsequently wetted by oil molecules. This gives a
clear picture of solubilization of alkanes in surfactant
layers (and it would be a comparable system to study
the interactions in microemulsions). In our system, how-
ever, we have a pristine water/oil interface that interacts
with surfactant. Such a neat interface can only with
difficulty be prepared in a planar geometry (see, e.g, refs
9 and 40). In comparison, our sample contains several

100 cm” of interfacial area that is prepared in solution
(without being exposed to air).

(iii) A planar oil/surfactant/water interface cannot sponta-
neously emulsify. It is therefore not necessarily compar-
able to the alkane/surfactant/water interfaces that we
measure in our experiments, which is a kinetically stable,
but ultimately thermodynamically metatable state.

(iv) Most surface specific measurements have not been
performed with SDS, but with trimethylammonium
(TA) salts (C,TAB).”>*** Besides being of opposite
charge, there is a distinct difference in the chemical
structure of the headgroups: the sulfate headgroup con-
sists of oxygens that can hydrogen bond with the water,
whereas the TA headgroup cannot form strong hydrogen
bonds through the C—H groups. The interaction energy
with water is therefore much larger for SDS (whereby
electrostatic interaction and hydrogen bonding play a
role) than for C, TAB (whereby only electrostatic inter-
action will be the dominant driving force).

(v) Droplets experience Brownian motion and rotation, while
a planar surface is static.

Explanation of Low Surface Coverage and Structure. We
can offer a tentative explanation for the low density and structure
of the interfacial layer by considering the time scales involved for
making a surface and for the refreshment of the surface layer. The
time scale needed to form a planar/static surface layer can be
estimated from dynamic surface tension measurements. In a
dynamic surface tension measurement, the surface tension is
measured as a function of time by, e.g., analysis of the droplet
shape of a newly formed hanging droplet. Dynamic surface tension
measurements of aqueous SDS solutions against hexane show
that the thermodynamic surface equilibrium state is reached in a
time scale of seconds.”>**® For a hanging droplet (with a size of a
few millimeters) of an aqueous solution of 0.5 mM SDS that is
newly formed in hexane, the hexane/water surface tension is
reduced from its initial value of 51.1 to 48 mN/m in 0.01 s, to 38
mN/m in 0.1 s, and to its lowest value of 24 mN/m in a time scale
of a few seconds. From this measurement we can conclude that
the formation of a (static) surface that is in thermodynamic equi-
librium with a solution that has a comparable bulk SDS con-
centration as in this study takes a few seconds.

The oil droplet interfaces in our emulsions undergo contin-
uous changes due to droplet rotation and translation. The time
scale of this movement can be estimated from the droplet diff-
usion time scale. From our DLS autocorrelation traces, we can
deduce that on average the oil droplets have a mean square
displacement of 200 nm in a time scale of 100 ms. In general
(from Smoluchowski theory), a 100 nm droplet makes a
complete rotation in 260 ms. Taking these numbers, on average
it takes the droplet 0.72 ms to make a rotation of one degree,
which corre-
sponds to translation over a surface distance of 17 A.

This crude estimate of time scales shows that the time scale
needed to reach an interfacial equilibrium state is longer than the
time scale at which the solution structure around the local surface
is changing. It is therefore feasible that the interfacial layer cannot
reach a thermodynamic equilibrium state. The equilibration of
the surface structure is therefore not reached, and the surface
structure is stuck at a state that is, under the nonequilibrium
conditions, energetically and entropically the most favorable one.

Interestingly, Ichikawa et al.*” have shown that application of a
10 kHz +20 V/—20 V square wave to a dense oil-in-water
emulsion does not accelerate demulsification, whereas applica-
tion of a 20 V/0 V square wave of the same frequency shortens
the demulsification time from hours to only 1 min. The phenom-
enon was explained by the migration of (surface) charges that
happens on the same time scale as the on/off switching of the
kilohertz block pulse. This behavior is completely in line with our
observations, as it implies that a surface charge reorganization
happens on a time scale (0.1 ms) that is shorter than what is
needed for the formation of an interfacial layer in thermodynamic
equilibrium. It also offers an opportunity for additional study of
the mechanism of surface formation.

B CONCLUSIONS

In conclusion, the oil/water interface in a kinetically stabilized
emulsion does not display the kind of structure that would be
expected. The classical picture of emulsion stabilization requires
that a large amount of surfactant is needed to stabilize emulsions
and that below the critical micelle concentration a charged surfactant
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forms an oriented monomolecular layer at the interface of the oil
droplet in water, with the apolar tails interdigitated in the oil
phase and the polar headgroup mixed with the water phase.

Vibrational sum frequency scattering spectra contain informa-
tion about the molecular structure of the nanoscopic oil dro-
plet—water interface. Because vibrational resonances are
measured, selective deuteration can be used to measure the
interfacial structure of the alkyl chains of the surfactant SDS
molecules and the alkyl chain of the oil molecules. We have
determined the SDS alkyl chain conformation and the oil chain
conformation, for different concentrations of SDS and different
oil chain lengths. We find a big difference in chain conformation.
SDS has many chain defects, while the oil has very few. Inter-
ference experiments and structure determination of SDS and oil
as a function of oil chain length are also described.

All data can be explained by a surface structure in which the oil
is predominantly oriented parallel with respect to the interface.
The SDS headgroup is surrounded by water molecules, and the
alkyl tail needs a few chain defects to be in contact with the oil.
Such a conformation of surfactant requires a surface area of
several hundreds of squared angstroms. We can tentatively
explain our observations by considering the interaction between
oil and water and surfactant, whereby we take into account the
time scales of Brownian motion and droplet rotation and
compare it to the time scale on which an interface reaches its
equilibrium state. Since the time scale needed to equilibrate a
surface layer is longer than the time scale on which the interfacial
structure changes (due to Brownian motion and droplet
rotation) the surface state cannot reach equilibrium. The inter-
face will therefore have a low density of surfactant.
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