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Vibrational  sum  frequency  scattering  measurements  were  performed  on  deuterated  hexadecane  oil
nanodroplets  dispersed  in  aqueous  pH neutral  and  basic  solutions.  The  predominant  symmetry  of  the
observed  vibrational  signatures  was  derived  using  nonlinear  light  scattering  theory.  The  probed  spectral
region  contains  information  about  two  distinct  phenomena:  The  surface  structure  of  water,  and  the  spec-
tral signature  of surface  OD− ions.  The  spectral  data  differ  from  that  of  the  planar  alkane/water  interface,

but  can  be  interpreted  consistently  by  considering  differences  in  chain  orientation  and  molecular  sur-
face  corrugation.  In terms  of the  second  phenomenon,  we  find  that  although  the  electrokinetic  mobility
increases  with pH,  the  SF  spectra  do  not  change  with  increasing  pH, and  do  not  contain  any  evidence  for
the  presence  of  interfacial  hydroxyl  ions.  Based  on expected  surface  charge  densities,  signal  strength  and
recent literature,  we  conclude  that a  charge  transfer  scenario  is  most  in  accord  with  the  present  data.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Liquid hydrophobic/water interactions and interfaces play a
ey role in biological [1] and chemical processes [2]. In biology,
rocesses such as enzyme activity, protein folding, catalysis, and
embrane formation depend on hydrophobic/water interactions

1]. In chemistry [2,3], the same holds for processes such as wetting,
rug design, aerosol formation and stabilization, nanoparticle and
roplet formation and stabilization, protein folding and emulsifi-
ation. The structure of water at hydrophobic interfaces depends
n characteristics such as charge, dielectric constant and dipole
oment, as well as the molecular shape/geometry and related cor-

ugation [4]. Understanding of these complex and multifaceted
henomena will lead to an increased understanding of water
tructure in the presence of ions, surfactants, proteins and other
iological interfaces.

The liquid alkane/water interface functions as an ideal model

ystem to study the structure and interactions that are relevant for
he behavior of water in the presence of hydrophobes in biologi-
ally relevant systems. Since alkane/water interfaces are difficult

∗ Corresponding author.
E-mail address: sylvie.roke@epfl.ch (S. Roke).

ttp://dx.doi.org/10.1016/j.cplett.2014.09.034
009-2614/© 2014 Elsevier B.V. All rights reserved.
to prepare and measurements of the molecular structure are chal-
lenging [5], only a few studies have been performed. Infrared
(IR)-visible sum frequency (SF) generation is a surface sensitive
method that can measure a vibrational coherent surface response
of a particular vibration that is both Raman and IR active [6,7]. Sum
frequency generation is thus well suited to probe the structure of
the surface region. The Richmond lab [8–10] has investigated pla-
nar water/CCl4 and water/alkane systems and concluded that the
hydrogen bonds between water molecules at these interfaces are
significantly weaker than at the air/water interface. Bakker and co-
workers however, found from SFG studies on the same systems
that the ordering of hydrogen bonded water molecules is rather
enhanced [11]. Thus, few experimental studies have been per-
formed to elucidate the water structure at the hydrophobic/liquid
water interface, and from these it appears that the surface structure
of water is not yet very well defined.

Apart from the multiple uncertainties surrounding the interfa-
cial water structure, there are other controversial properties. One of
the most remarkable features of the hydrophobic/water interface
is that it carries a negative charge [12–17]. This negative charge

has been measured on air bubbles and hydrophobic nanoparticles
and droplets using pH dependent electrokinetic mobility measure-
ments [12–14,18] or acid base titration experiments [16,19]. While
the sign of the charge at neutral pH is negative, the source of

dx.doi.org/10.1016/j.cplett.2014.09.034
http://www.sciencedirect.com/science/journal/00092614
www.elsevier.com/locate/cplett
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cplett.2014.09.034&domain=pdf
mailto:sylvie.roke@epfl.ch
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form 2700 cm−1 to 2850 cm−1. The signal does not contain any
∼20 cm−1 broad features at the location of the free OD or OD−

frequencies. The sharply increasing intensity edge originates from

Figure 1. FTIR spectra of the D2O used in this experiment. The optical path length
of  the sample cell was 50 �m.  The shaded area indicates the spectral range that is
accessible in the current SF scattering experiments.

Figure 2. Surface water characterization. SFS spectra in the blue spectral part of
the  O D stretch vibrational spectrum of the d34-hexadecane droplet/D2O interface,
taken in PPP (A) and SSP (B) polarization for different pH values. Within the detection
J.-S. Samson et al. / Chemical P

he negative charge has lately come under debate (see e.g. Refs.
18,20]). The most intuitive and long standing explanation for the
egative charge of the hydrophobic/water interface is that OH− ions

rom the water autoprotolysis reaction preferentially adsorb in the
urface region (e.g. Refs. [14,18]). In recent years, this explanation
as been tested by a search for spectroscopic signatures that are
irectly attributable to OH− ions in the interfacial region. OH− may
e detected in the interfacial region by means of its 2 p� valence
xcitation, using X-ray photoelectron spectroscopy (XPS) on a liq-
id jet. XPS is interface-sensitive over a length scale of a few nm.
sing this method, OH− ions were, however, not detected in the

urface region [21]. Another direct route is the detection of a reso-
ant second harmonic generation (SHG) signal of the optical charge
ransfer-to-solvent transition of interfacial OH− ions at a wave-
ength of 190 nm [22,23]. Petersen et al. [23] did not detect any
referential adsorption of OH− ions at the air/water interface. Alter-
atively, the OH/OD stretch vibration of OH−/OD− ions could be
etected [24,25]. The infrared and Raman spectra of basic aqueous
olutions both contain spectral features of hydroxide ions. Strongly
asic solutions display a sharp vibrational frequency resonance at
3625 cm−1 (∼2705 cm−1) for H2O (D2O) solutions that is absent in

he pure water spectrum [25]. Hermannson et al. [25] have recently
alculated that the isolated OH− (OD−) ion in solution is encaged
y surrounding water molecules and vibrates at 3645 (2720) cm−1.

Here we investigate both the structure of the liquid oil/water
nterface, as well as the origin of the charge of this interface. To
his end, we performed vibrational sum frequency scattering mea-
urements on deuterated hexadecane oil nanodroplets dispersed in
queous pH neutral and basic solutions. The spectra were recorded
n multiple polarization combinations. Analysis of the polarization
atios with nonlinear light scattering theory was  used to assign

 predominant symmetry to the observed vibrational signatures.
ince the probed spectral region contains information about weakly
ydrogen bonded water molecules it holds information about the
ater structure as well as the presence or absence of the hydroxyl

ignature. In terms of the water structure, the obtained spectral
ata differ from that obtained from the planar alkane/water inter-
ace, but can be interpreted consistently considering the likely
ifference in alkane chain orientation and corrugation that exist
etween the planar short chain alkane/water interface and the long
lkane nanodroplet/water interface. In terms of the second phe-
omenon, the presence of hydroxyl ions, that may  or may  not be

 source for the negative charge at the hydrophobic nanodroplet
ater interface, we compare electrokinetic mobility measurements
ith sum frequency scattering spectroscopy for increasing pH val-
es. While the electrokinetic mobility increases drastically with pH,
he SF spectra do not change with increasing pH, and do not contain
ny evidence for the presence of interfacial hydroxyl ions. From a
iscussion that includes expected surface densities of charge and
xpected signal strength and several mechanisms for surface charg-
ng, we conclude that a charge transfer scenario is most in accord

ith the present data.
In what follows, we first describe IR transmission data of our

amples, which is followed by SF scattering data from the surface
f the deuterated hexadecane droplets obtained at different pola-
izations. The spectroscopic measurements are performed in D2O
ather than H2O, which is not expected to alter the observations. We
hen describe the pH dependent electrokinetic mobility data, from
hich we calculate the approximate amount of surface charge, and

he pH dependent SF intensity and polarization ratios. This is fol-
owed by an analysis of the symmetry species of the vibrational

odes that gives rise to the vibrational spectra. Finally, we discuss

n separate parts the interpretation of the data in terms of the sur-
ace structure and the interpretation of the data in terms of the pH
ependence and the mechanism that leads to a surface charge on
he hydrophobic droplet/water interface.
s Letters 615 (2014) 124–131 125

2. Results

2.1. Spectral characterization of the surface region

In order to characterize the oil nanodroplet/water system, we
measured transmission IR spectra of D2O. Figure 1 shows a trans-
mission IR spectrum of a 50 �m thick sample of the used D2O. It
can be seen that D2O has a broad spectral absorption band that
extends in the high frequency side to ∼2850 cm−1. Since the scat-
tering experiments are performed in transmission geometry using
a 10–1000 �m thick cuvette, the IR pulses will lose their intensity
as they travel through the dispersion. The combined absorption
and scattering effects [26] limit in this case the accessible spec-
tral window to the region above ∼2670 cm−1. Nevertheless, this
limited window can still provide us information about the interfa-
cial vibrational modes of the part of the water molecules that have
a vibrational SF active mode along the surface normal and hence
the interfacial structure of water. Above 2670 cm−1 one expects to
find water molecules with a single or no H-bond donors [27]. As an
example, the dangling OD bond vibrates at 2745 cm−1 [11].

Figure 2 shows SFS spectra in PPP (A) and SSP (B) polarization
combination for different pD values. The spectra display a sharply
increasing intensity edge at ∼2670 cm−1, which corresponds to
the strongly (bulk) adsorptive part of D2O, with a low intensity
plateau that decreases with increasing wavenumber, but extends
limit of our instrument no spectral changes are observed at different bulk pD values.
The  vibrational resonances of OD− ions [25] and free OD modes [11] are indicated
in  the graph. The dashed line in panel B represents the envelope of the IR field. SSP
(PPP) indicates a polarization combination with an S (P) polarized sum frequency
beam, an S (P) polarized visible beam and a P (P) polarized IR beam.
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Figure 3. (A) pH dependence of the interfacial charge and water structure. Zeta potential data for 0.1 vol.% n-hexadecane droplets dispersed in water as a function of the pH
of  the bulk solution. The calculated charge density values are also given. (B) Integrated sum frequency intensity between 2700 and 2800 cm−1 as a function of solution pD
f lotted
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or  the PPP polarization combination. (C) The polarization ratio of the SF spectra, p
ymmetries. The data were obtained by dividing the integrated values of the PPP a
ntisymmetric C2v stretch mode (red line), the symmetric C2v stretch mode (green 

he normalization procedure: Dividing a small SFG intensity by the
ntensity of the transmitted IR pulse that has almost no intensity
elow 2670 cm−1 results in large values below 2670 cm−1. No signal

s present above 2850 cm−1. The frequency width of the incom-
ng IR pulse exceeds the shown spectral region and is indicated
s a dashed curve in panel B. It should be noted that the actual
ulse that is felt at the interface will have almost no frequency
omponents due to absorption as shown in Figure 1. Moving the
R pulse toward lower/higher frequencies results in a reduction of
he overall intensity of the plateau, but does not alter the spectral
esponse.

.2. pH dependence

Figure 3A shows zeta potential data for 275 nm droplets of d34-
exadecane oil dispersed in water from pH neutral conditions up
o pH 13. It can be seen that with increasing pH values the zeta
otential decreases, so that the charge density within the slip plane

ncreases. The data is in agreement with previously published work
14,18]. Charge densities (green points) were calculated using the
eneralized solution to the Poisson–Boltzmann equation for spher-
cal particles [28]:

(�) = 2εε0�kbT

e

[
Sinh

(
e�

2kbT

)
+ 2

�R
Tanh

(
e�

4kbT

)]
(1)

here � is the zeta potential (in V), R is the particle radius, kb is the
oltzmann constant (kb = 1.381 × 10−23 J/K), T is the temperature
293 K), ε is the dielectric constant of water (ε = 80.2), e is the ele-

entary electric charge (1.602 × 10−19 C), ε0 is the permittivity of
ree space (ε0 = 8.854 × 1012 C2/Jm), and � =

√
(ne2/εε0kbT) is the

ebye screening length with n the total number density of ions. It
an be seen that with increasing pH the zeta potential decreases, so
hat the charge density within the slip plane increases, up to val-
es of −0.37 charges/nm2. For D2O a similar graph is obtained (not
hown). Figure 3B shows the integrated SF intensities for 275 nm

roplets of d34-hexadecane oil dispersed in heavy water from pD
eutral conditions up to pD 13. The graph displays a signal that

s practically constant as a function of pH within the error bar of
ur experiment. Figure 3C displays the intensity ratio of the PPP

able 1
efractive index and hyperpolarizability values used for the nonlinear light scattering cal

Refractive index (n) SF 

Re[nC16D34]/Im[nC16D34] [5,36] 1.434/0 

Re[nD2O]/Im[nD2O] [35] 1.32682/0 

Hyperpolarizability (�(2)) Sym H O H [32,33] 

�(2)
ccc 1 

�(2)
aac 0.92 

�2)
aca = �(2)

caa 0 
 as a function of pD, together with the calculated values for modes with different
P intensities. The straight lines represent the calculated polarization ratios for the
nd the C∞v stretch mode (black line).

and SSP data obtained for various pH values. The ratio varies lit-
tle in the probed pD range of 9–12.2, and has an average value of
2.7. The polarization ratio can be used to identify the predominant
molecular symmetry species on the surface [29]. Although it is pos-
sible to record zeta potential data under acidic conditions, the SF
experiments cannot be performed under those conditions, as the
droplet stability is strongly pH/pD dependent [18]: below pH ∼5
the droplets are insufficiently stable to record SFS data.

2.3. Analysis of symmetry properties if the vibrational modes

To determine the dominating symmetry mode of the probed
collection of vibrational modes, we  use nonlinear light scattering
theory [29]. The expected polarization ratios can be calculated for
stretch modes with symmetric C2v character, antisymmetric C2v
character, and symmetric C∞v character. These three modes are
representative of the purely symmetric H O H stretch vibration,
the antisymmetric H O H stretch vibration, and an O H− or free
OH stretch vibrations respectively. The hyperpolarizability values
of the vibrational modes are given in Table 1. Since it is generally
assumed that the hyperpolarizability values for H2O and D2O are
comparable, we use the values for H2O/OH− in our model (even
though the measurements are performed on D2O) [30]. In order to
calculate the polarization ratios we  modified the equations of Ref.
[29] to explicitly take the linear dielectric constants into account,
following the procedure by Dadap et al. [31]: We  replace the radial
(or normal, ⊥, i.e. �(2)⊥⊥⊥, �(2)⊥‖‖, �(2)‖⊥‖ and �(2)‖‖⊥) elements of
�(2) with the �(2) elements multiplied by the square of the refractive
index of the appropriate frequency term.

Table 1 also lists the input values for the relative values of the
hyperpolarizability of H2O (Ref. [32,33]) and OH− (Ref. [34]), the
refractive index of D2O [35], and d34-hexadecane [5,36]. This pro-
cedure generates results very close to our exact nonlinear Mie
scattering code [37]. For an average droplet radius of 275 nm,  an
experimental scattering angle (�) of 60◦, and IR/VIS opening angle of

15◦, IR (VIS) wavenumbers of 2700 cm−1 (12 500 cm−1), and the �(2)

[32–34] and refractive index values [5,36,35] as given in Table 1,
we obtain the three limiting polarization ratios shown as green,
red, and black lines in Figure 3C. For the symmetric stretch modes

culations.

VIS IR

1.43/0 1.40/0
1.32495/0 1.101/0.08

Asym. H O H [32,33] O H− [34]

0 1
0 0.54–0.75
1 0
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he polarization ratio depends only very weakly on the molecu-
ar tilt angle (increasing by ∼10% from a tilt angle of 0◦ to 89◦).
or the antisymmetric stretch mode the polarization ratio depends
ery strongly on the tilt angle. In this case, for increasing tilt angles
with respect to the surface normal) the polarization ratio increases
rom a value of 3.5 to a value of 198. As we are interested only
n the polarization ratio that reproduces the measured values we
ave only plotted the ratio for the average molecular tilt angle that
escribes our data most accurately. From Figure 3C it can be seen
hat the measured polarization ratio of the SF signal in the spectral
egion between 2700 and 2800 cm−1 agrees best with the ratio cal-
ulated for the antisymmetric stretch mode, and not with the other
wo.

Having presented the SF spectral data for the hydrophobic hex-
decane droplet water interface, the pH dependent electrokinetic
obility and polarization data, and having analyzed the polariza-

ion dependence, we turn to a discussion of the data. We  will do
his first in terms of the water structure and then in terms of the

olecular origin of the electrokinetic mobility.

. Discussion

.1. The surface water structure

To start to understand the structural aspects of the water surface
hat can be derived from our spectra, we first summarize our obser-
ations. This is followed by a comparison to earlier measurements,
ffects of laser heating and a detailed explanation of some aspects
f the surface water structure. The influence of impurities on SF
cattering experiments and on reflection mode SF experiments is
onsidered in detail in the appendix.

The spectral response observed in our data is limited to
avenumbers above 2670 cm−1. As such, this comprises vibra-

ional modes of D2O molecules that have few hydrogen bonds
27]. Furthermore, the signature of the free OD bond, which is
bserved as a ∼20 cm−1 broad peak centered at 2745 cm−1 at the
lkane/D2O interface [11] is not present in the spectra of Figure 2.
he analysis of the polarization combination further suggests that
he symmetric stretch modes are not very spectrally active, in con-
rast to modes with a predominantly antisymmetric character. Such

 signal could originate if the water molecules that are in close
roximity to the alkane surface are not protruding into the oil
hase, but form an ‘encaging structure’ with the O H bonds lying

redominantly in the surface plane. If such a layer connects with
ater molecules with multiple environments, we  will observe only

hose water molecules that have few H bonds, as these are the
nes that are visible in our high frequency spectral window. The

igure 4. Schematic illustrations of possible surface structures. (A) An ordered structure o
rystalline self-assembled monolayer. Water molecules that have their dangling OH bon
n  alkane/water surface with more parallel oriented alkane molecules. Here, there is muc
long  the surface normal.
s Letters 615 (2014) 124–131 127

antisymmetric stretch mode is observable if water molecules ori-
ent with the symmetry axis along the surface plane. The situation
is sketched in Figure 4. In order to justify this interpretation, we
first evaluate some properties of the alkane/water interface.

Planar alkane/water interfaces can be created by wetting from
a saturated vapor of alkanes on water. The type of alkane film
that is formed depends on the wetting behavior of alkanes [38].
Continuous films are formed when short and long range interac-
tions favor wetting, which happens for very short (<C4) alkanes.
Wetting is not observed when both short and long range inter-
actions disfavor wetting (>C8). In an intermediate regime (C4–C8)
where the short range interactions favor wetting but the long range
interactions do not favor wetting, a thin (1–5 nm) film is formed
that coexists with thicker lenses and other surface structures
[39,40]. In the intermediate regime it is likely that heterogeneous
films are formed. Indeed, the microscopy image (Figure 2) of a
pentane film of water of Ref. [39] shows different film thick-
nesses, rafts, clefts and air exposed water pockets. Such wetted
alkane/water interfaces have been investigated with SFG in the
polarization combination SSP by several labs. Scatena et al. [8] stud-
ied the CCl4/H2O interface at bulk pH values of 2.44 and 9.45. They
observed that compared to the air/water interface the broad spec-
tral band of water, which is assigned to H-bonded water molecules
(3100–3500 cm−1) decreases with intensity for CCl4/H2O. The free
OH mode at 3669 cm−1, also decreases in relative intensity. It is also
noteworthy that spectral SF intensity is present up to 3800 cm−1,
for the basic pH value. Brown et al. [10] observed a constant but
low intensity of the broad water band (3100–3500 cm−1) and a
decreasing intensity for the ∼20 cm−1 broad dangling OH mode
which vibrates at 3674 cm−1. Bakker and co-workers [11] recently
found that the intensity of the broad water band increases drasti-
cally when going from air/D2O to the hexane/D2O and heptane/D2O
interface and decreases again when the temperature is raised. They
suggested that the original experiments from the Richmond lab are
influenced by heating effects from the IR laser pulses that interact
with the bulk water. This indeed occurs in many surface film exper-
iments on H2O (and in a much lesser extend on D2O)  [41]. The free
OD mode (2745 cm−1) also appears in the spectra but is not very dif-
ferent for these different interfaces. OD spectral intensity continues
up to 2840 cm−1.

In order to understand this difference in dangling OD intensity,
we first consider the conditions and number density of the dangling
OH/OD bonds on various interfaces, and then correlate this to what

is known about the molecular surface structure and roughness. In
addition to the alkane/water interfaces, a strong spectral signature
of a free OD or OH bond is observed at the air/water [42–47] the
OTS/quartz/water [48,49], and a rough superhydrophobic interface

f alkane chains in contact with water is shown, as commonly present in a perfectly
ds in the cavities formed by the methyl groups are sketched. (B) An illustration of
h less space for dangling OH bonds that have their vibrational coordinate directed
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50]. On the air/water interface, it was estimated that 20% of the
nterface is covered with dangling OH bonds [42] which means
here are ∼3–4 free OH bonds per nm2. Recent experiments by
yrode [49] on self-assembled monolayers of octadecyltrichlorosi-
ane on silica showed that disordered SAMs show an increase of
he broad water band (3100–3500 cm−1) and a relative decrease
f the free OH mode. A fluidic monolayer of PNIPAM (poly-(N-
sopropylacrylamide) on water, however, quenches the free OH

odes [51].
The observations of Tyrode and Asanuma et al. and the trend

bserved by the Richmond lab (low free OH intensity for longer
lkane chains) can be explained as follows: In order to facilitate a
angling OH bond, there has to be room for it, which can be made
y stacking alkane chains in an ordered manner as illustrated in
igure 4A. For this geometry, free OH groups can dangle between
he CH3 groups of adjacent head groups (thus forming ‘free OH
ockets’). Figure 4B illustrates an alkane/water surface structure
ith parallel oriented alkane molecules. For this second geome-

ry there is far less available space for free OH groups along the
urface normal. Considering the geometrical constraints of both
urface layers, the density of pockets for dangling OH modes is
educed by a factor determined by the chain length, which is ∼16
for hexadecane). Since the SF intensity scales with the square of the
urface density the signal of the dangling OH bonds is expected to
e reduced in going from the sketched structure in A to that of B by
256, which would probably render the dangling OH modes invis-

ble. SF scattering measurements [52] of the C H stretch region of
he alkane nanodroplet/water interface for different alkane chain
engths have recently been recorded in our laboratory. The chain
ength dependence and interference measurements are indeed in
greement with an average alkane chain orientation that has more
H2 groups exposed to the water phase than CH3 groups (i.e. a par-
llel chain orientation). Such a conformation might be energetically
avorable considering the thermal motion of alkanes: At room tem-
erature, the thermal energy is sufficient to translate or rotate one
ethyl group into the water phase. For an alkane surface with CH3

roups in contact with the water phase, every methyl group has
nough thermal energy to protrude into the water phase and cre-
te a methyl group that is surrounded by water molecules, which
e refer to here as a hydrophobic cavity. For a surface with mostly
H2 groups exposed to the water phase, only the rotational motion
f a CH3 group can result in the formation of such a hydropho-
ic cavity. Following this reasoning, it can be expected that longer
lkane chains will likely have more parallel oriented alkanes (to
educe the amount of energetically unfavorable cavities and overall
orrugation). Furthermore, as the surface area increases dramati-
ally in a nanodroplet system compared to a planar interface the
eduction of the number of unfavorable cavities is likely to become
ore important. The same considerations explain why  the PNI-

AM/water interface has no dangling OH bonds: there is no room
or OH modes to dangle in. Thus, parallel alkane chains can results in

 drastic reduction of free OH bonds. This would form a structure of
n plane H-bonded water molecules, which are largely SF inactive.
n our spectral window we  would also not observe the sub-surface

ater molecules that have strong H bonds, but we would observe
ater molecules with less H bonds, of which the encircled one in

igure 4B is an example.

.2. pH dependence and the origin of the interfacial charge

Next, we discuss our data in the context of the origin of the inter-
acial charge that is present on the hydrophobic droplet (or bubble)

nterface. We  focus on two explanations, the surface adsorption of
ydroxyl ions and the charge transfer model. In what follows, we
ummarize our observations and then consider the expectations
or our SF response if the signal would be related to the presence
s Letters 615 (2014) 124–131

of hydroxyl ions, taking into account detection limits and expected
changes in the SF signal. Then, we  consider the expectations for our
SF response if the charge transfer scenario would be responsible for
generating the charge. Finally, we place our results in context with
recent findings.

Summarizing our data, Figure 2 shows a flat spectral response
for all pH values. Figure 3 shows that although the electrokinetic
mobility increases with pH, the SF intensity above 2670 cm−1 varies
little with increasing pH. The analysis of the polarization depend-
ence of the pH dependent SF signal agrees best with modes that are
predominantly antisymmetric in character.

If the interfacial charge would originate from surface adsorbed
hydroxyl ions, the SF signal of the OD− symmetric stretch peak
should be present in the spectrum, and it should be predomi-
nantly C∞v symmetry in character. Hydroxyl ions in a deuterated
aqueous environment vibrate around 2720 cm−1 [24,25] and
should obey the selection rules for C∞v symmetry. Published
estimates of the free energy for surface adsorption range from
−45 > �G  > −60 kJ/mol [13,53]. Comparing this number to that of
a surfactant ion such as hexadeconoic acid or dodecylsulfate (with
a �G  = −30 kJ/mol [54]) we  may  expect that hydroxyl ions have
a stronger affinity for the surface than these surfactant ions. Based
on our earlier experiments [54,55], we found that surfactant anions
can be detected on the surface with both their C H and S O stretch
modes (that have comparable SF cross-sections) from concentra-
tions in the order of 5–10 �M (on d34-hexadecane droplets in D2O
as used in this study). Since the SF cross section for the C H modes is
comparable to that of the O D modes [56], we  may expect changes
in the SF signal at comparable concentrations, i.e. from pD ∼9.
Furthermore, based on a change in the structure of the interfacial
layer, simulations of the air/basic water interface have shown that
the average water dipole orientational anisotropy decreases [57],
which should lead to a decrease in the overall SF spectral inten-
sity of the water signal. Since the air/water and hydrophobic/water
interface share many properties, we  may  expect a similar behav-
ior for the oil/water interface. Likewise, upon increasing the ionic
strength in the solution, we  would expect an additional decrease in
the SF intensity of the water signal, as the screening is enhanced.
This decrease in SF signal has been observed in both second har-
monic and SF experiments on polymer PNIPAM/water interfaces
[51,58], quartz/water interfaces [59–62], and polystyrene parti-
cle/water interfaces [63,64] for various salts. The same behavior has
been observed on negatively charged d34-hexadecane droplets in
D2O (data not shown). Thus, if hydroxyl ions adsorb on the interface,
it would be reasonable to expect a sharp peak at ∼2720 cm−1, with
C∞v characteristics, as well as an overall reduction of the intensity
of surrounding OD water stretch modes.

If, however, charge transfer [65] is responsible for the elec-
trophoretic mobility, then there must be net charge transfer across
the slip plane defining the boundary between the mobile and sta-
tionary layers. Simulations using charge transfer models [65,66],
or using models where charge transfer is added perturbatively
[67], find that there is a layer of about 5 Å thick that has water
molecules with net negative charges, on average. Beyond this layer
is another layer of ∼5 Å thick with on average positively charged
water molecules. These two layers then tend to respond differently
to an external electric field and a slip plane could possibly be estab-
lished between these two  layers, a few Å from the oil phase. If this
distance corresponds to the slip plane, then in order for that layer to
maintain its negative charge it would have to maintain a net charge
transfer to its neighbors across the slip plane, as is illustrated in
Figure 5.
One possible mechanism involves the charged molecules chang-
ing partners as they move in response to the field and so maintain a
roughly constant number of hydrogen bonds and molecular charge.
Molecule i has a negative charge, −�q, as a result of donating more
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Figure 5. A charge transfer mechanism for electrophoretic mobility. The droplet
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hexadecane pH neutral D O, or D O with dissolved NaOD to reach
oves in response to the electric field. The charge imbalance is maintained by
ydrogen bonding and charge transfer across the slip plane.

-bonds than it accepts. As the droplet moves in response to the
lectric field, the neutral molecules to the left of the slip plane
emain stationary and the H-bond between i and j will be broken.
he molecule i will remain negative if it can make an H-bond with
olecule j + 1. The pH dependence suggests within this mechanism

hat the H-bond imbalance is influenced by excess hydroxide or
ydronium ions. Since close to the interface both the positive and
egative charge are increased, the water structure will be changed
ymmetrically on either side of the slip plane (having more H bond
cceptors within the slip plane and more H bond donors outside
he slip plane), which should not result in a change in the SF signal,
ut will result in an increasing mobility. Therefore, in this scenario
e might expect that the SF signal remains constant if the pH is

ncreased.
The data shows a spectrally broad and featureless vibrational

esponse for the blue part of the OD spectral region. The spec-
ral shape and intensity are both invariant to the pH within our
etection limit. An increase in the spectral region at ∼2720 cm−1

s not occurring, which disfavors the presence of hydroxyl ions.
urthermore, the symmetry (Figure 3) of the vibrational modes is
redominantly antisymmetric in character which would not be in
orrespondence with hydroxyl ions. Thus, considering the observa-
ion and the above considerations it appears that the present data
s more in favor of the charge transfer scenario.

Although our data favors the charge transfer explanation for the
resence of negative charge on the hydrophobic droplet interface,
here are possible scenarios in which hydroxyl ions could be present
n the surface without being detectable here with SFG. If the surface
ibrational frequency would be considerably lower than present
pectroscopic and theoretical work suggests (i.e. below the spectral
indow probed here), we would not detect it. If OD− is, for exam-
le, on average oriented with its molecular axis parallel to the plane
f the interface, it would not generate any SF signal. Mundy et al.
57] calculated that the OD− orientational distribution is not paral-
el (for an air/water interface). Extrapolating that this is likely the
ase too for the hydrophobic oil/water interface it is unlikely that all
D− is oriented parallel with respect to the surface. Furthermore,

he water signal would still be reduced in the presence of negative
ons, which is not the case here. It is also possible that OD− ions are
resent in many different molecular conformations as suggested by
as phase cluster experiments [68] with varying degrees of charge
ransfer. In this case a broad vibrational mode would result. Since
he linear vibrational spectrum does exhibit a narrow band (as men-
ioned [25]), this seems unlikely. The present data set is therefore

ore in agreement with a charge transfer scenario (i.e. constant SF

ignal, no OD− peak and an increase of negative charge), than with
urface activity of OD− (for which one would expect to see a spec-
ral signature of OD− and an overall decrease of the SF intensity).
s Letters 615 (2014) 124–131 129

The current findings are in agreement with previous XPS studies of
Aziz et al. [21] and SHG studies of Peterson et al. [23,22].

4. Conclusions

In summary, we measured the vibrational sum frequency scat-
tering signal of the blue part of the OD spectrum of D2O in contact
with deuterated n-hexadecane nanodroplets in multiple polariza-
tion combinations and as a function of pH. The sum frequency
intensity and electrokinetic mobility were measured as a function
of pH from pH neutral conditions up to pH 13. While the electroki-
netic mobility data displays a clear increase with pH (leading to
a more negative surface charge), the SF measurements display a
response that does not change within the detection limit of our
system. Analysis of the polarization ratios with nonlinear light
scattering theory was used to assign a predominant symmetry con-
tribution to the observed vibrational signatures.

As the probed spectral region contains information about two
distinct phenomena, namely the surface structure of water (from
the signal of high frequency water OD stretch modes, such as the
free or dangling OD mode), and the spectral signature of surface
OD− ions (which have recently been reported to vibrate around
2720 cm−1), we  have considered both effects separately.

The spectral data differs from that obtained from the planar
alkane/water interface, but can be interpreted consistently consid-
ering the likely difference in alkane chain orientation and molecular
corrugation that exist between the planar short chain alkane/water
interface and the long alkane nanodroplet/water interface. Short
chain (<C8) alkanes can partially wet  water and thus form heteroge-
neous films that may  have many small cavities for free OD modes. In
contrast for our long chain alkane that occupies a much larger total
droplet surface area it is probably more favorable to adopt a parallel
chain conformation (based on unfavorable cavity formation from
thermal motion). A surface layer thus structured will have very few
places available for a dangling OH mode, so that these vibrational
signatures are absent from our data.

In terms of the second phenomenon, the presence of OD− ions,
that may  or may  not be a source for the negative charge at the
hydrophobic nanodroplet/water interface, we find that although
the electrokinetic mobility increases with pH, the SF spectra do
not change with increasing pH, and do not contain any evidence
of hydroxyl ions. From a discussion that includes expected surface
densities of charge and expected signal strength and several mech-
anisms for surface charging, we conclude that a charge transfer
scenario is more in accord with the present data. There is no evi-
dence for surface hydroxyl ions, not from the observed vibrational
modes, not from the symmetry character of the detected signal,
and not form the overall (absence of) intensity change in the water
spectrum as a function of pH.

5. Materials and methods

Chemicals d34-Hexadecane (98% d, Cambridge Isotope),
NaOH (99.99%, Sigma–Aldrich), NaOD (40 wt.% in D2O, 99.5% d,
Sigma–Aldrich), and D2O (99.8% d, ARMAR Chemicals) were used as
received. Ultra-purified, filtered and UV treated H2O with an elec-
trical resistance of at least 18.2 M� cm was  obtained from a Milli-Q
direct-Q-3UV system (Millipore, Inc.). Glassware was cleaned with
a 3:7 H2O2:H2SO4-solution, after which it was thoroughly rinsed
with ultrapure water, and subsequently D2O if necessary.

The oil droplets were prepared by mixing 2 vol.% of d34-

2 2

a certain pD in a two-step process at 293 K. 4 mL  of pD neutral D2O
solution was  first mixed with oil using a hand-held homogenizer
(TH, OMNI International) for 5 min, after which an ultrasonic bath
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Table 2
Available interfacial area, volume, and maximum possible interfacial coverage for a
hypothetical impurity molecule with a projected surface are of 1 nm2 impurity for
a  small Langmuir trough and a nanodroplet system.

Parameters Small Langmuir trough Nanodroplets

Liquid volume (mL) 18 4
Total interfacial area (cm2) 150 11,936
Droplet radius (nm) – 100
Volume fraction of droplets (%) – 1
Interfacial coverage of impurity

Purity: 99.5% >100% (360%) 1%
Purity: 99.95% 36% 0.1%
30 J.-S. Samson et al. / Chemical P

Bandelin, Sonorex DK-156-BP) was used for 15 min. The pD was
aried by diluting the obtained droplet solutions with D2O solu-
ions of a certain pD. The resultant droplets had a mean radius of
75 nm,  and a polydispersity index (PDI) of ∼0.2. Droplet size and
eta potential were determined using a dynamic light scattering
nstrument (Malvern ZS nanosizer). Although Figure 3A displays
he zeta potential for hexadecane droplets in H2O, the same mea-
urement was performed after each SF measurement (and sample
ilution from 1 vol.% to 0.1 vol.%). After correcting for the difference

n viscosity between D2O and H2O similar zeta potential values
ere obtained.

Vibrational SFS spectra were measured, with equipment [69]
nd procedures [26] as previously described in detail using
roadband 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
eams were overlapped under an angle of 15◦ in a sample cuvette
ith a path length of 200 �m,  which is the optimum path length

or these measurments [26]. At a scattering angle of 60◦, the scat-
ered SF light was collimated with a plano-convex lens (f = 15 mm,
horlabs LA1540-B) and then passed through two short wave pass
lters (3rd Millenium, 3RD770SP and Thorlabs FES750). The SF light
as spectrally dispersed with a monochromator (Shamrock 303i,
ndor Technologies) and detected with an intensified CCD cam-
ra (i-Star DH742, Andor Technologies) using a gate width of 8 ns.
he acquisition time of a single spectrum was 300 s. A Glan-Taylor
rism (Thorlabs, GT15-B), a half-wave plate plus a polarizer (Thor-

abs, LPVIS) and two BaF2 wire grid polarizers (Thorlabs, WP25H-B)
ere used to control the polarization of the SF, VIS and IR beams

espectively. All shown SFS spectra were normalized by the IR spec-
rum which was  measured by SFG in reflection geometry from a
-cut quartz crystal.
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ppendix A.

This appendix contains a description of the effects of intrin-
ic impurities in the used chemicals, and provides a comparison
etween surface experiments on planar and droplet interfaces.

.1. Impurities

The presence of chemical impurities at the interface, caused
y the inherent purity restrictions to available chemicals, can be

 source of signal. For example, a 1 mL  1 mM solution of a 99.5%
ure chemical may  contain enough impurity molecules to cover
5–30 cm2 of surface area (assuming a worst case scenario that
ll impurities are surface active and that the molecular area is
0–100 Å2). Typical planar or reflection mode SFG measurements
ave a probing area of ∼1 × 10−2 mm2, and if they are performed

n (e.g.) a Langmuir trough, the liquid volume and surface area
re respectively 18–336 mL  and 150–841 cm2 [70]. Under worst
ase scenario conditions the Langmuir trough surface will be fully
overed with impurities. To be absolutely sure that impurities do

ot cover more than 1% of the available surface area, chemicals
ith a purity of at least 99.9995% are therefore needed, which are
ot always available. Table 2 summarizes the result of this simple
omputation.
Purity: 99.995% 3.6% 0.01%
Purity: 99.9995% 0.36% 0.001%

This restriction is much reduced in nonlinear light scattering
experiments performed on a nanodroplet system [26]: A nan-
odroplet dispersion can be prepared in situ using only a small
volumes of chemicals. A 4 mL  4 vol.% nanodroplet dispersion of
droplets with a radius of 100 nm contains ∼12,000 cm2 of surface
area. For the above worst case scenario, if this solution contains
1 mM of a 99.5% pure chemical, only 1% of the available surface
area can at most be covered with impurity molecules, even if all
impurity molecules adsorb on the surface (i.e. irrespective of the
chemical equilibrium). The hexadecane used in our study has been
tested before for impurities in the organic phase [55] and we  con-
cluded that 97% of the droplet/water interface can be considered as
pure (with the remaining 3% resulting from the detection limit of
our system).
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