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ABSTRACT: The molecular ionic surface structure and charge of the electric double layer around a nanodroplet and its
structural change induced by hydrophobic effects are measured using vibrational coherent surface scattering spectroscopy, second
harmonic scattering, and electrokinetic mobility measurements. Tetraalkylammonium chloride salts were added to negatively
charged nanoscopic oil droplets in water. When we vary the alkyl chain length of the cation from CH3 to C4H10, both the size of
the cation and its hydrophobic interaction are increased. We find that tetramethylammonium ions change the electrokinetic
potential and the water structure but do not detectably adsorb to the interface. Tetrapropylammonium and tetrabutylammonium
ions clearly adsorb to the interface. The corresponding (Stern) layer appears to be a mixed monolayer of anions and cations. An
estimate of the amount of cations in the Stern layer is also made.

■ INTRODUCTION

Roughly 60% of the human body consists of water, which is
continuously in contact with biochemical constituents and
dissolved ions. The subnanometer thick interfacial contact
region of water with macromolecules or biomembranes
typically comprises hydrophobic and (charged) hydrophilic
parts. Specific ion effects1−3 and hydrophobic effects,4,5 which
are closely linked (especially in a biochemical context),6,7

greatly influence the structure and properties of the interface
and the adjacent electric double layer,8 and thus affect
membrane formation, self-assembly, and stability.9−13 The
interplay of specific ion effects and hydrophobicity6,7,12,14,15 is
also relevant for the adsorption,16−20 aggregation20,21 and
folding/unfolding22 of proteins and peptides. Here, the intricate
interplay of specific effects from the ionic groups on amino
acids, the entropic interactions that result from the collective
hydrophobicity and related shape changes, and the chemically
specific interaction with the surface are all important factors
that determine the adsorption of proteins. Specific ion effects
have been studied in aqueous solutions (see, e.g., refs 10 and 23
and references therein), and in the context of interfa-
ces.3,6,11,14,24

Recent theoretical14,25−27 and experimental studies28−41 have
shown that understanding of specific ion effects is complicated
because the solvation structure near the interface plays an
important role.42 Experimental studies have been performed
with X-ray photolelectron spectroscopy of ions situated within
several nanometers of the air/water interface (as determined by
the penetration depth of the probe) of a liquid jet.25 Second
harmonic (SH) generation measurements of the surface
potential of polystyrene particles and of emulsion droplets
and liposomes43,44 have been performed as well as resonant SH
reflection measurements34 and sum frequency generation
measurements35 of nitrate ions at the quartz/water interface.
These studies showed that it is possible to measure the
resonant response of the interfacial ions, and reported how this
response is affected by different counterions. Moreover, sum
frequency generation measurements demonstrated the strong
influence of specific ion effects on the interfacial water structure
at air/water interfaces,28,29 hydrophilic/water interfaces,30−32

and mixed hydrophobic−hydrophilic/water interfaces.33,45 To
our knowledge, a simultaneous measurement of the structure of
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all molecular actors as well as the electrokinetic properties of an
interface has not been performed. Similarly, hydrophobic effects
are determined by the hydration of solutes and the hydro-
phobic structure. For the hydration of hydrophobic solutes, the
nanometer length scale is an important crossover point from
molecular to microscopic behavior (refs 5, 46−51, and
references therein). Molecular surface studies that specifically
address the relationship between hydrophobicity and specific
ion effects have not been performed either. To quantify the
intricate balance of specific ion effects and hydrophobicity, such
studies are necessary.
Here, we quantify specific ion effects at a charged

hydrophobic interface with surface and charge specific
techniques. We measure the surface structure of anions,
cations, and water, and the electrokinetic potential of a
negatively charged liquid hydrophobic/water interface in
contact with a solution that contains tetraalkylammonium
(TAA+) ions. We tune the size and hydrophobicity of the
cations in the solution by increasing the alkyl chain length of
the TAA+ cations from methyl, with a cationic diameter of <1
nm, to butyl with a cationic diameter of >1 nm. We find that
tetramethylammonium (TMA+) ions change the electrokinetic
potential and the water structure but do not detectably adsorb
onto the interface. Tetraethylammonium (TEA+) ions adsorb
weakly onto the interface. Stronger surface adsorption occurs
for tetrapropylammonium (TPA+) and tetrabutylammonium
(TBA+) ions. There is thus a strong possibility that a Stern layer
is formed with TPA+/TBA+ and the surface adsorbed
amphiphilic anions. In this layer, the cations and anions are
likely organized in a mixed monolayer structure. First, we
briefly motivate and introduce the methods and then describe
our results, from which the molecular structure and charge of
the layer is derived.
We use a solution of negatively charged (amphiphile-

stabilized) nanoscopic liquid hexadecane droplets in an aqueous
solution. Such a system mimics the multitude of charged
hydrophobic/water interfaces in a biochemical environment,
and captures the essential size range and charge density of
objects present therein. With droplet sizes of ∼100 nm, it also
contains an extremely large surface to volume ratio in a small
sample volume (∼3000 cm2/mL), which ensures an improved
signal-to-noise ratio and reduced sensitivity to impurities
compared to measurements on planar interfaces. It further
allows for simultaneous charge and surface structure measure-
ments.
Electrokinetic mobility measurements are used to measure

the electrostatic potential of the surface region and to probe the
amount of charge contained within the slip plane.8 The surface
structure of water can be tracked with second harmonic52

scattering53 (SHS), that occurs only in noncentrosymmetric
regions and therefore probes anisotropically oriented water
molecules, as induced by the interface and/or an electric field
that may distort the otherwise isotropic distribution of water
molecules in the bulk phase.40,54−56

The surface structure of anions and cations at the charged
hydrophobic/water interface was measured with vibrational
Sum Frequency Scattering (SFS), a vibrational coherent surface
spectroscopy that measures the combined IR and Raman
spectrum of molecules that can only give rise to signal in
noncentrosymmetric environments such as interfaces.57,58 As
with SHS, the orientational correlations within the sample are
probed. Since SFS is a resonant method, a specific cationic or
anionic molecular species can be followed. Cations and anions

that exhibit no dipole moment will not be affected in their
orientational distribution by the static interfacial electric field
(in contrast to the dipolar water molecules). The probing depth
for adsorbates is therefore typically 1−3 molecular layers,58 and
is thus shorter than that of SHS. The SF intensity for each
vibrational mode scales quadratically with its surface density,
multiplied by the square of the average cosine of the tilt angle
of the moieties’ symmetry axis with the interface normal.59,60

Vibrational modes associated with groups that lie in the surface
plane are therefore not observed. In contrast to SF generation
in reflection mode, for small droplets (radius <200 nm), the SF
spectrum recorded in polarization combinations SSP and PPP
does not change in spectral shape when a molecule changes its
orientation.61 Interfacial dodecylsulfate (DS−) anions are
tracked by probing the sulfate stretch (S−O) mode (∼1070
cm−1) and the interfacial TAA+ cations are tracked by probing
the alkyl (C−H) vibrational response. For our SFS experi-
ments, the estimated detection limit is ∼1 molecule/27 nm2

droplet surface area (for ∼100 nm droplets in a 1−2 vol%
droplet solution).62 Selective deuteration of both the oil phase
and DS− ions allows us to selectively probe the cations, since
C−D and C−H modes vibrate at different frequencies. The C−
H stretch spectral region contains valuable information about
the alkyl chain conformation and geometry. The amplitude
ratio (d+/r+) of the symmetric methylene (d+, at ∼2850 cm−1)
and the symmetric methyl (r+, at ∼2874 cm−1) stretch
vibrational modes is a common indicator for the conformation
of alkyl chains.63−65 A value of d+/r+ ≪ 1 is associated with a
stretched alkyl chain, i.e., an all-trans conformation, whereas a
value of d+/r+ > 1 indicates that gauche defects dominate the
measured SF spectra. The combination of electrokinetic
measurements, SHS and SFS thus allows us to retrieve a
complete molecular level picture of how the increasing
hydrophobicity of the counterions affects the interfacial
structure of the nanoscopic oil droplet-water interface.

■ RESULTS
Figure 1 shows the electrokinetic zeta potential and the SHS
intensity of hexadecane nanodroplets (∼100 nm radius)
stabilized with 10 mM sodium dodecylsulfate (SDS) in pure
D2O, or aqueous solutions of 100 mM NaCl , TMACl, TEACl,

Figure 1. Electrokinetic potential and water structure. (A) Zeta
potential of DS−-stabilized n-hexadecane nanodroplets in solutions
without added salt, and with 100 mM of NaCl, TMACl, TEACl,
TPACl and TBACl, respectively. (B) SHS signal of the same droplet
samples, showing that the average orientational distribution of water
molecules near the surface changes. SHS intensities were measured at
a scattering angle of 35° with respect to the incoming beam and in PP
polarization (i.e., all beams polarized in the scattering plane) and
normalized as described in the text.
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TPACl, and TBACl, respectively. NaCl is neutral with respect
to surface activity and is thus used as a reference.66 It can be
seen that the magnitude of the zeta potential decreases from
the salt free solution to NaCl, and TMACl. The magnitude
decreases approximately 20 mV per additional methylene group
of the substituent chains, from −69 mV for TEACl to −25 mV
for TBACl. Figure 1B displays the corresponding interfacial
SHS signal (with beams polarized along the scattering plane,
i.e., in PP polarization combination). The SH scattering of the
aqueous solution (i.e., the hyper Rayleigh scattering from the
water phase) was subtracted from the measured SHS signal.
The obtained value is normalized to the hyper Rayleigh
response of pure water as detailed in ref 67. The change in the
SHS intensity is similar to the change in the magnitude of the
zeta potential; it decreases when salt is added to the solution
and further decreases with increasing ion size, i.e., increasing
number of methylene groups in the substituent chains.
Figure 2 shows SFS spectra of hexadecane oil nanodroplets

prepared with deuterated d-hexadecane, and 10 mM of
deuterated SDS in pure D2O, and aqueous solutions of 100
mM of TMACl, TEACl, TPACl, and TBACl, respectively.
Figure 2A displays the SF signal of the C−H modes of only the
TAA+ ions that are adsorbed to the surface (since the oil and
DS− ions were both deuterated and their resonance frequencies
are hence shifted to lower frequencies). The gray line
represents a reference DS− alkyl chain spectrum recorded
from a solution with 10 mM of nondeuterated SDS without
additional salts. Figure 2B displays the square root of the
integrated intensities of the S−O response of the DS− anions
(spectra not shown) and of the C−H response of the TAA+

cations. It can be seen that the density of sulfate head groups of
DS− ions on the interface is not changing with different
dissolved cations, while the density of TAA+ ions increases for

longer alkyl chains; solutions with droplets and TMA+ ions do
not display any surface signal. For TEA+ ions, weak features of
probably the Fermi resonance (2941 cm−1) are visible.
However, clear spectral signatures of the symmetric (2874
cm−1) and antisymmetric methyl stretch modes as well as the
Fermi resonance appear in droplet solutions with TPA+ and
TBA+ cations.

■ DISCUSSION

Size of Hydrophobic Chains. The absolute zeta potential
values (Figure 1A) decrease gradually as larger and more
hydrophobic cations are added to the solution. For Na+ and
TMA+ cations, the zeta potential is approximately equal, with a
magnitude 20 mV lower than for the salt-free solution. For
these ionic solutions, the SHS signal decreases as well, which
indicates that the interfacial water structure changes. For these
ions, no SFS signal is detected from the interface (Figure 2A),
which indicates that TMA+ ions do not adsorb onto the surface.
Given the estimated detection limit of 1 molecule per 27 nm2

surface area,62 we conclude that probably the majority of the
TMA+ ions reside in the aqueous phase close to the surface,
where they change both the zeta potential and the orientational
distribution of water molecules, but do not appear in the SFS
spectra. The decrease of the zeta potential upon adding Na+

and TMA+ ions to the solution is likely caused by a
compression of the double layer. Such a compression also
changes the number of water molecules that are aligned by the
electric field and thus reduces the SHS signal. With increasing
size of the ions, the electrostatic potential inside the slip plane is
reduced further as larger, more polarizable ions are closer to a
hydrophobic surface.27,68,69 For the solutions containing TEA+,
and to a larger degree for those containing TPA+ and TBA+, the

Figure 2. Surface structure of amphiphilic anions and cations. SFS spectra of hexadecane nanodroplets stabilized with 10 mM -SDS in pure D2O, and
in aqueous (D2O) solutions of 100 mM of TMACl, TEACl, TPACl, and TBACl, respectively. The spectra are recorded in SSP polarization
combination (i.e., the SFG and VIS beams are polarized perpendicular to the scattering plane, while the IR beam is polarized in the scattering plane).
(A) SFS spectra taken in the C−H stretch region, displaying the relative amount of cations on the interface. The (scaled) spectrum of h-DS− ions on
the droplet interface for a sample with 10 mM h-SDS in pure D2O is also shown. No SF peaks are observed for the solution with 100 mM NaCl. (B)
Integrated amplitudes of the C−H and S−O SF signals indicating the relative amount of TAA+ cations and DS− anions on the surface. The charge
density resulting from the adsorption of DS− ions is constant, while the cationic surface density increases with increasing alkyl chain length. (C) A
possible illustration of the surface structure that agrees with the data. From top to bottom: surface with DS− and (i) Na+, (ii) TEA+, and (iii) TBA+

ions.
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SFS signal shows that the cations adsorb onto the negatively
charged oil−water interface. This indicates that an adsorbed
double (Stern) layer is formed with TBA+ and TPA+ ions, while
TMA+ and Na+ ions appear to reside in the diffuse double layer
(and not on the surface). Thus, surface adsorption is here
observed when the hydrophobic domains increase their size
above ∼1 nm. This particular size range of the cationic
hydrophobic domains coincides with the size range for which
hydrophobic solvation changes.5,46−51 For TAA+ ions, Raman
hydration shell spectra showed that there is a nonlinear
dependence on the number of dangling OH bonds and the
exposed surface area of a solute.70 This nonlinear dependence,
which is interpreted as cooperative behavior, starts at an alkyl
chain length of 3 carbon atoms per alkyl chain (i.e., for TPA+

ions). In going from solute−solvent interactions70 to interfacial
adsorption as described here, there thus appears to be
agreement with this work. Before estimating the surface charge
densities, we first turn to the molecular conformation of the
cations.
Interfacial Molecular Conformation of the Cations.

The relative intensities of the symmetric methylene (d+) and
methyl (r+) stretch modes are an indicator for the alkyl chain
conformation. The SF spectra of the TPA+ and TBA+ ions are
dominated by the methyl stretch mode, while the methylene
stretch mode is nearly absent, i.e., d+/r+ ≪ 1. For TPA+ ions
with an even number of CH2 groups, the small contribution of
the d+ mode might be explained by an all-trans configuration of
the four alkyl chains. In such a configuration, the polarization
from the two methylene groups in each side chain interferes
destructively as a consequence of local inversion symmetry.
However, this configuration would not explain the nearly
absent d+ mode in the case of TBA+ ions, which have an odd
number of methylene groups in each side chain. A
configuration that would explain the spectra of both TPA+

and TBA+ ions consists of one side chain pointing into the
water phase and the three residual side chains aligned along the
interface (as illustrated in Figure 2C). In this scenario, the
methyl group that is pointing toward the water phase would
mainly contribute to the spectral signature. The methylene
groups will have their symmetry axis aligned with the surface
plane, so that they do not contribute to the SFS signal.
Although not definitive, this interpretation is in agreement with
angle-resolved photoelectron spectroscopy measurements and
molecular dynamics simulation studies of the air−water and air-
formamide interface.25,69,71 The TEA+ ion may adopt a
different conformation, but the low signal-to-noise ratio
makes its spectrum difficult to interpret.
Surface Charge Density. Previous SFS measurements of

DS− ions on nanoscopic hexadecane droplets showed that the
surface density of DS− ions amounts to at most one ionic
amphiphile of negative charge per 4.25 nm2, which corresponds
to a minimum surface spacing of ∼1−2 nm between
neighboring ions.72 The interfacial DS− ions have a
conformation that consists of predominantly parallel alkyl
chains attached to a charged hydrated headgroup that remains
entirely in the water phase.73 Converting the surface density of
DS− ions to a surface charge density, assuming full ionization of
the sulfate head groups, results in a maximum negative surface
charge density of −0.037 C/m2 (= −3.7 μC/cm2). The
intensity of the S−O stretch vibration, and consequently the
interfacial density of the DS− ions, varies little for all salt
solutions (Figure 2B). This shows that the surface active TAA+

ions do not compete with DS− ions for empty surface sites.

By comparing the relative strength of the methyl stretch
modes of DS− and TAA+ ions, we can make a rough estimate of
the interfacial density of cations from the known interfacial
density of DS− ions. This computation should be treated with
caution, as there are several complications in comparing the
spectra, namely, (a) the droplets of the reference sample used
for the DS− reference spectra are not made in the same batch as
the one shown in Figure 2, so that the droplet size distribution
is slightly different, (b) the conformation and orientation of the
CH3 groups of the cations and DS

− anions are different. On the
basis of our concluded alkyl chain conformation, mainly one
methyl group per cation contributes to the signal. The TAA+

methyl group is likely oriented more normal to the interface
than the methyl group of the DS− anion, which is
predominantly oriented parallel to the interface,73 and therefore
contributes more to the signal. The charge density originating
from cations absorbed onto the interface, as estimated by
comparing the relative strengths of the methyl response,
therefore represents an estimate of the maximum cation
density. The resulting charge density from adsorbed TBA+

ions is 0.85 × 3.7 μC/cm2 = 3.1 μC/cm2 and that from
adsorbed TPA+ ions is 0.72 × 3.7 μC/cm2 = 2.6 μC/cm2.
These numbers agree well with the reduction in the magnitude
of the zeta potential, as shown in Figure 1.

Stern Layer Structure. The electric double layer can
contain adsorbed ions and diffusely bound ions that are free to
move. A Stern layer is formed when the counterions are
immediately adjacent or paired to surface charges. The SFS data
shows that the surface charge density from anions is constant
while the surface charge density from cations increases with
increasing alkyl chain length of the cations’ side chains. DS−

ions indeed form an adsorbed interfacial layer with TBA+ and
TPA+ ions. These counterions could be paired (i.e., in
immediate proximity) to the DS− anions, or there could be
water molecules in between. Furthermore, both ions could be
in plane, or placed such that the DS− ions are closer to the oil
phase, with the TAA+ ions further away, or opposite. From our
data we find that the surface activity decreases in the order
TBA+ > TPA+ > TEA+ > TMA+. Furthermore, the water
orientational ordering decreases when more hydrophobic
cations adsorb to the interface and partially neutralize the
negative charge.
Ion pairs are formed most effectively, when charged groups

are of similar size.1 Because we observe most effective surface
adsorption for TBA+ ions, it is more likely that the alkyl chains
of TBA+ ions interact with the oil phase (rather than the ionic
groups with each other). It is possible that there is water in
between the DS− ions and the counterions. Indeed, DS− ions
are well hydrated.73 For TBA+ ions there are more adsorbed
counterions than for TPA+ and TEA+ ions, but the water
orientional ordering is reduced. This excludes the formation of
a capacitor-like film with DS− ions closer to the surface and
TPA+/TBA+ ions further away and water in between. The
stronger electric field between the DS− and TPA+/TBA+ ions
or adjacent to the paired ions would align more water
molecules and thus increase the SHS signal, which is not
observed. With respect to the position of the ions and based on
the above discussion, it is unlikely that TPA+/TBA+ ions will
position themselves primarily in the water phase above the
negative DS− ions. Since we observed that dodecyltrimethyl
ammonium ions perturb the oil phase of similar droplets,74 it is
more plausible that TBA+ and TPA+ ions form a mixed
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monolayer with DS− ions or a structure in which the cations are
closer or even somewhat inside the hydrophobic phase.

■ CONCLUSIONS
The electrokinetic potential and the molecular ionic and
aqueous surface structure of a charged hydrophobic/water
interface and its structural change as induced by hydrophobic
effects are measured using vibrational coherent surface
scattering spectroscopy, second harmonic scattering and
electrokinetic mobility measurements. We find that the
electrostatic potential and the interfacial orientational distribu-
tion of water molecules are strongly influenced and that starting
from a hydrophobic chain length of ∼1 nm the cations also
adsorb on the interface. The interfacial structure that explains
the data best is one where the anions and cations form a mixed
monolayer or a structure in which the cations are closer or even
somewhat inside the hydrophobic phase. Both structures will
lead to an interface with less preferential orientational ordering
of the water molecules and may have some resemblance to the
ion and water structure around a zwitterionic phospholipid
film.33 A capacitor-like Stern layer with water aligned in
between anions and hydrated cations can be excluded based on
our measurements.
The interaction of ions with aqueous interfaces and the

resulting electrostatic properties influences a wide range of
biological, chemical, geological, and industrial processes. Our
results show that the structure of the double layer changes quite
dramatically when hydrophobic interactions are tuned and
demonstrate that a hydrophobic domain size of ∼1 nm is
important for the interfacial organization of ions and water
molecules.

■ MATERIALS AND METHODS
d-C16 (98% d, Cambridge Isotope), d-SDS (99% d, Cambridge
Isotope), TMACl (99%, Fluka), TEACl (98%, Sigma-Aldrich), TPACl
(98%, Sigma-Aldrich), TBACl (97%, Sigma-Aldrich) and D2O (99%,
Sigma-Aldrich) were used as received. Glassware was cleaned with a
3:7 H2O2:H2SO4-solution, after which it was thoroughly rinsed with
ultrapure water (0.053 μS/cm,TKA).
Dispersions of oil droplets in water were prepared with 2 v/v % of

deuterated hexadecane (d-C16) in solutions of 20 mM of deuterated
sodium dodecyl sulfate (d-SDS) in D2O. The solutions were mixed for
1 min with a hand-held homogenizer (TH, OMNI International) and
subsequently placed in an ultrasonic bath (35 kHz, 400 W, Bandelin)
for 4 min. The resultant stock emulsion was then diluted with a
solution of 200 mM of the respective tetraalkyl ammonium chloride in
D2O. The size distribution and the zeta potential of the droplets were
measured with dynamic light scattering and laser Doppler electro-
phoresis (Zetasizer Nano ZS, Malvern).
Second Harmonic Scattering. Second harmonic scattering

measurements were performed, as previously described in detail,75

using 190 fs laser pulses centered at 1028 nm with a 200 kHz
repetition rate. The polarized pulses were focused into a cylindrical
glass sample cell (4.2 mm inner diameter). The scattered SH light was
collimated with a plano-convex lens ( f = 5 cm) and then sequentially
passed through an iris to control the angular resolution and a bandpass
filter. The filtered SH light was focused into a PMT by a plano-convex
lens ( f = 3 mm). The gate width of the PMT was 10 ns, the acquisition
time was 1 s, and 40 acquisitions were averaged for each data point. A
quarter-wave plate, a half-wave plate and a linear polarizer were used to
control the polarization of the incoming fundamental beam. The
polarization of the scattered light was analyzed with another polarizer.
The SH signals were measured at a scattering angle of 35° with an
angular resolution of ±1.75°.
Vibrational SFS Spectra. Vibrational SFS spectra were measured,

as previously described in detail61,76 using broadband infrared (IR)

laser pulses centered at 2900 cm−1 (120 cm−1 FWHM bandwidth) and
visible (VIS) pulses at 800 nm (12 cm−1 FWHM) at a repetition rate
of 1 kHz. The focused laser beams were overlapped under an angle of
15° in a sample cuvette with a path length of 200 μm. At a scattering
angle of 60°, the scattered SF light was collimated with a plano-convex
lens ( f = 15 mm, Thorlabs LA1540-B) and then passed through two
short wave pass filters (third Millenium, 3RD770SP and Thorlabs
FES750). The SF light was spectrally dispersed with a monochromator
(Shamrock 303i, Andor Technologies) and detected with an
intensified CCD camera (i-Star DH742, Andor Technologies) using
a gate width of 8 ns. The acquisition time of a single spectrum was 300
s. A Glan-Taylor prism (Thorlabs, GT15-B), a half-wave plate plus a
polarizer (Thorlabs, LPVIS) and two BaF2 wire grid polarizers
(Thorlabs, WP25H-B) were used to control the polarization of the SF,
VIS and IR beams, respectively. All shown SFS spectra were
normalized by the IR spectrum which was measured by SFG in
reflection geometry from a z-cut quartz crystal.

Abbreviations. TAA, tetraalkyl ammonium; TMA, TEA, TPA,
TBA, tetramethyl/ethyl/propyl/butyl ammonium; SDS, sodium
dodecylsulfate, SFS, sum frequency scattering; SHS, second harmonic
scattering; SSP, a polarization combination with an S polarized sum
frequency beam, an S polarized visible beam and a P polarized IR
beam, PP, a polarization combination with a P polarized second
harmonic beam, and P polarized visible beams.
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