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ABSTRACT: The water structure at the hydrophobic/water
interface is key toward understanding hydrophobicity at the
molecular level. Herein, we characterize the hydrogen-bonding
network of interfacial water next to sub-micron-sized hydrophobic
oil droplets dispersed in water using isotopic dilution vibrational
sum frequency scattering (SFS) spectroscopy. The relative
intensity of different modes, the frequency shift of the uncoupled
O−D spectrum, and a low-frequency shoulder (2395 cm−1) reveal
that water forms an overall stronger hydrogen-bonding network
next to hydrophobic droplets compared to bulk water and the air/
water interface. Half of the spectral width of the oil droplet SFS
spectrum is determined by inter- and intramolecular coupling of water molecules. Isotopic dilution also confirms the presence of a
broad distribution (ca. 2640−2745 cm−1) of non-water-hydrogen-bonded O−D modes that are red-shifted and broadened
compared to similar species at the air/water interface. This band corroborates the presence of charge transfer between water and oil.

■ INTRODUCTION
The hydrophobic effect is responsible for various natural
processes such as the formation of cell membranes, micelles,
and microemulsions; stabilization of protein structures; and
self-assembly of large molecular complexes.1,2 Yet, the
molecular-level understanding of water structure at a hydro-
phobic/water interface remains incomplete. Several theoretical
studies have investigated the molecular structure of hydro-
phobic/water interfaces.1,3−6 However, experimentally retriev-
ing this information is intrinsically challenging since hydro-
phobic interactions result in the minimization of contact area
between water and the hydrophobic phase. One of the
difficulties in measuring the interfacial structure of liquid water
is that one has to separate the properties of the small minority
of water molecules in contact with the hydrophobic interface
from the very large amount of bulk water. This information can
nonetheless be obtained using vibrational sum frequency
generation (SFG) spectroscopy. This method uses ultrashort
laser pulses to induce a simultaneous infrared (IR) and Raman
transition, which is forbidden in an isotropic bulk liquid.
Vibrational SFG has been used in reflection geometry to probe
planar extended liquid hydrophobic/water interfaces,7−10 but
the recorded SFG data vary dramatically throughout the
literature. Based on these studies, water in contact with the
same oil has either been concluded to be less strongly
hydrogen (H)-bonded than bulk water7 or more strongly H-
bonded than bulk water.10 The most likely reason for the
controversially different data sets is caused by the system itself:
Water does not easily wet an extended hydrophobic interface.
Rather than producing a pure, homogeneously wetted

hydrophobic−water interface, there are likely structural
heterogeneities composed of defects (for solids) or islands/
micro-lenses (for liquids) that are influenced by the intrinsi-
cally small amount of chemical impurities that even the purest
liquids have.11,12 The air/water interface is also often used as a
representation of a hydrophobic interface; however, air is not a
hydrophobic substance and the mere absence of a condensed
phase does not replace the interactions induced by a
condensed hydrophobic phase.
A solution to these issues is to use nanoscale or sub-micron-

sized droplets of pure oil dispersed in water13 and probe the
droplet interfaces with vibrational sum frequency scattering
(SFS,14−18 Figure 1A). This procedure delivers surface-to-
volume ratios that are 3−4 orders of magnitude higher
compared to planar extended interfaces, which minimizes
possible artifacts induced by impurities that are intrinsically
present in any chemical compound (see refs 19−21 for an
extended discussion). However, measuring the entire vibra-
tional spectrum of interfacial water and extracting the H-
bonding structure at the oil droplet/water interface is
challenging for two reasons: The first limitation is caused by
the absorption of the IR beam by the aqueous medium in
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which the droplets are dispersed. The IR absorption modifies
the recorded SF spectra in a nontrivial way. Nevertheless,
recently, these effects have been theoretically described22 and
implemented to retrieve the true surface response in an SFS
experiment.23 The second challenge arises from the role of
vibrational coupling in the spectral shape of water spectra. The
frequency distributions and relative intensities measured in the
SF spectra are influenced by both intermolecular and
intramolecular coupling between water molecules. Thus, to
extract the interfacial H-bonding structure, the vibrational
coupling effects need to be minimized. While such experiments
have been performed at the air/water interface,24−31

implementing them in an SF scattering experiment is
technologically different. As the nature of the interface
(nanoscale, hydrophobic) is different from a planar extended
air−water interface or bulk water, the results are expected to be
different.
Here, we implement isotope dilution vibrational sum

frequency scattering for the entire O−D stretch region of the
vibrational spectrum of water. We characterize the structure of
the hydrogen-bonding network next to 200 nm hexadecane
droplets dispersed in pure water. The peak frequencies and
intensity ratios reveal that water forms an overall stronger
hydrogen-bonding network next to hydrophobic droplets
compared to bulk and the air/water interface, which is
apparent from three different metrics: The spectral shape of
the nonisotopically diluted water compared to the spectral

shape of the air−water interface as a function of temperature,
the central peak position of the isotopically diluted OD
spectrum (15% D2O in H2O), and the spectral shape of that
spectrum, most notably the presence of a low-frequency mode.
Half of the spectral width of the vibrational SFS spectrum is
determined by the intra-/intermolecular coupling of water
molecules, which is similar to bulk water. Examining the high-
frequency part of the spectrum as a function of mole fraction of
D2O in H2O, we determine that on top of the vibrationally
coupled modes, there is a broad population (ca. 2640−2745
cm−1) of uncoupled non-water-hydrogen-bonded modes.

■ RESULTS AND DISCUSSION
Nanodroplets of hexadecane with an average diameter of 200
nm (section S1, Figure S1) were prepared in different D2O/
H2O mixtures using ultrasonication as described in the
Materials and Methods (section S1). The D2O/H2O mixtures
consisted of 15, 50, and 100 vol % D2O in H2O, leading to
mixtures with 25% HOD, 2% D2O, 73% H2O; 50% HOD, 25%
D2O, 25% H2O; and 100% D2O, respectively. The vibrational
SFS spectra of droplets were measured in the O−D stretch
region using the SSP (S−SF, S-visible, P-IR) polarization
combination. Since the IR beam is absorbed by D2O as it
travels through the sample cell (Figure 1A), each droplet will
experience a different spectral excitation, eventually resulting in
strongly modified SFS spectra.22 Therefore, we first quantified
the effects of linear absorption of the IR beam to retrieve the

Figure 1. Vibrational SFS of oil nanodroplets in water. (A) Schematic of the vibrational SFS experiment of oil droplets dispersed in water. The
zoomed-in view of the sample cross section shows the attenuation of the IR beam as it travels through the sample cell. The energy-level diagram of
vibrational SFS is shown on the right. (B) Retrieved |Γ(2)|2 spectrum of 2 vol % hexadecane droplets in D2O (blue)23 and the reflection SFG
spectrum of the air/D2O interface (black),10,35 measured using the SSP polarization combination. The solid lines represent the running average and
are a guide to the eye. The inset shows the temperature dependence of the 2395/2500 cm−1 peak ratio for the air/water interface10,35 (red squares).
The green triangle corresponds to the ratio for bulk IR × Raman spectrum, and the blue rectangle corresponds to the ratio at the oil droplet surface,
recorded at room temperature. Illustration of vibrational coupling effects. (C) Intermolecular coupling: When O−D modes are coupled to
neighboring D2O molecules, the vibrational energy is delocalized onto several adjacent oscillators resulting in spectral broadening (top). Isotopic
dilution turns off intermolecular coupling resulting in spectral narrowing (bottom). (D) Intramolecular coupling: The symmetric stretch of D2O
(ωstretch) and the overtone of the D2O bending mode (2ωbend) couple with each other leading to the splitting of the O−D stretch band into ω1 and
ω2 (top). Isotopic dilution results in HOD species where the stretch and bend overtone modes are uncoupled thus merging the two bands into a
single peak.
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true interfacial response for oil droplets dispersed in water. The
procedure used to convert the measured SF intensity to the
true interfacial response, |Γ(2)|2, is described in Section S2 of
the SI. Γ(2) is the effective second-order particle susceptibility
that describes the spectral interfacial response of droplets
dispersed in solution. Γ(2) is a function of the scattering angle
(θ, defined as the angle between the scattered SF wavevector
and that of the phase-matched direction, Figure 1A), the
average radius (R) of the droplets, and the second-order
surface susceptibility (χ(2)).32−34

SFS Spectrum of Water Next to an Oil Droplet. Figure
1B (blue spectrum) shows the obtained sum frequency |Γ(2)|2

spectrum of 2 vol% hexadecane droplets in D2O.
23 The

intensity between 2200 and 2800 cm−1 originates from the O−
D stretch modes of interfacial D2O molecules at the oil droplet
surface. These interfacial vibrational modes include O−D
stretches from water molecules with an asymmetric molecular
orientation with respect to the surface normal. This anisotropy
originates either from the interaction with the weak interfacial
electrostatic field that arises from the charge on oil droplets, or
from other nonelectrostatic interactions.36 The broad shape of
this spectrum is determined by a combination of effects: H-
bonding, intermolecular, and intramolecular vibrational cou-
plings. In the following, we decouple these effects to reveal the
characteristics of the H-bonding network around oil droplets.
In water, an O−D oscillator can be situated in a strongly,

weakly, or non-H-bonded environment and therefore can have
different frequencies. The O−D stretch spectrum at the oil
droplet surface has two broad features around ∼2395 and
∼2500 cm−1 (indicated by the dotted lines in Figure 1B).
Reflection SFG measurements of the air−water interface10

shows that the peak ratio between 2395 and 2500 cm−1

changes with temperature. These data are reproduced in the
inset of Figure 1B and demonstrate that the 2395/2500 cm−1

ratio increases with decreasing temperature, and therefore
reducing the temperature results in stronger H-bonding.
Comparing these data from the air/water interface to the
water spectrum at the oil nanodroplet interface, we observe a
ratio (indicated by the blue square in the inset of Figure 1B)
that corresponds to an equivalent air−water interface at 277 K.
Therefore, at identical (room) temperatures, a stronger H-
bonding network is observed at the oil droplet surface
compared to the air/water interface.
Another difference between water at the oil nanodroplet and

planar extended air/water interface is evident in the high-
frequency region of the spectra. The characteristic sharp peak
around 2745 cm−1 in the air/water interfacial spectrum
originates from non-H-bonded/free O−D modes.28,37 At the
oil droplet surface, these non-H-bonded O−D modes are not
clearly visible. Polarimetric SFS was recently used to study this
spectrum in more detail.23 Using spectra recorded with
different polarization combinations in combination with
group theory and nonlinear light scattering theory, it was
possible to determine that there was a broad spectral
distribution arising from water molecules that were not H-
bonded to other water molecules.23 This region overlaps with
the asymmetric shoulder that starts at ∼2520 cm−1 and reaches
∼2800 cm−1. It is indicated by the dotted-blue-filled Gaussian.
In addition to a difference in H-bonding, the spectrum in
Figure 1B is likely also influenced by intra- and intermolecular
coupling. The vibrations of water molecules are not isolated
and distributed among several water molecules and vibrational
modes. Auer and Skinner38 estimated in a computational study
that each O−D vibrational mode is linked to up to 12

Figure 2. Isotopic dilution and the vibrational spectra of bulk and nanodroplet interfacial D2O. (A) IR and (B) vertically polarized Raman spectra
of different D2O/H2O mixtures containing 100 vol % D2O (blue), 50 vol % D2O (red), and 15 vol % D2O (black). (C) Product of the vertically
polarized Raman spectrum with the IR spectrum for different isotopic dilution ratios. (D) |Γ(2)|2 spectrum of oil droplets dispersed in D2O/H2O
mixtures recorded using the SSP polarization combination. The solid lines represent the running average and are a guide to the eye. The vertical
dashed line represents the peak frequency of the uncoupled O−D mode as seen in the spectrum of 15% D2O. The vertical dotted lines indicate the
presence of a strongly H-bonded O−D population at the oil droplet surface compared to bulk. The legends correspond to volume % of D2O added
in the mixture. The inset shows the 2395/2500 cm−1 peak ratio from the oil droplets (black) and bulk water (gray) at different D2O/H2O ratios.
Note that all spectra are normalized to their area.
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neighboring O−D oscillators that have similar vibrational
energies. This interaction, known as intermolecular coupling,
leads to a broadening of the O−D stretch spectrum (illustrated
in Figure 1C).38−40 Furthermore, the vibrational energy of
water molecules can also be delocalized over different
vibrational modes of the same molecule via intramolecular
coupling: The O−D stretch modes and the overtone of D−O−
D bending modes have similar vibrational energies and they
are coupled with each other via Fermi resonance (Figure 1D).
Intramolecular coupling leads to energy-level splitting and peak
broadening of the O−D stretch vibrations (illustrated in Figure
1D).24 To decouple the local H-bonding and vibrational
coupling effects, we next describe isotopic dilution experiments
for bulk (using IR, and Raman spectroscopy) and droplet
interfacial water (using SFS). To disentangle structure from
coupling, we use a volume ratio of D2O of just 15% and probe
the O−D oscillators. In this way, the vibrational coupling is
minimized since the energy levels of the probed vibrational
modes are now different from those that surround them (the
O−H groups). Note that this does not disturb the
configuration of the hydrogen-bond network itself.38

Bulk IR and Raman Isotopic Dilution Spectroscopy.
We recorded IR and Raman spectra for D2O/H2O mixtures
consisting of 15, 50, and 100 vol % D2O in H2O. They are
shown in Figure 2A (IR) and 2B (Raman), respectively.
Reducing the amount of O−D oscillators in the sample to a
fraction of 0.15 reduces the intensity significantly. Facilitating
the comparison of spectral shapes, all spectra in Figure 2 are
normalized to their spectral area.
These bulk IR and Raman data are in agreement with

published literature38,41−43 and confirm that the IR spectrum
of isolated HOD (15% D2O in H2O, black trace, Figure 2A) is
centered around ∼2510 cm−1 (dashed line, Figure 2A), with a
full width at half-maximum (FWHM) of ∼190 cm−1, and thus
narrower than the bulk water spectrum of 100% D2O (blue
trace, Figure 2A, ∼350 cm−1). The wide distribution of
vibrational frequencies in the IR spectrum of pure D2O has
contributions from H-bonding, intermolecular, and intra-
molecular coupling. In pure D2O, the O−D vibrational mode
of each water molecule is delocalized onto several neighboring
water molecules (Figure 1C), resulting in the broadening and
shift to lower frequencies. With isotopic dilution, the O−D
oscillators are increasingly surrounded by H2O molecules,
thereby decreasing the intermolecular O−D coupling and thus
the width of the O−D spectrum (Figure 1C, bottom; Figure
2A, red and black spectra). Moreover, the intramolecular
coupling (Figure 1D) is also switched off since the frequency
of the HOD bending overtone is ∼2900 cm−1 and is therefore
no longer in resonance with the O−D stretch modes.44 By
minimizing intramolecular and intermolecular coupling effects,
the IR spectrum of 15% D2O (Figure 2A, black) reveals the
different H-bonding environments present in bulk water: A
change in width from 350 to 190 cm−1, meaning that the width
of the uncoupled spectrum is 0.54 times that of the coupled
one.
The Raman spectrum of bulk water shows similar features

with isotopic dilution (Figure 2B). Here, the spectral width
decreases from ∼300 cm−1 for 100% D2O to ∼195 cm−1 for
15% D2O, showing that ∼1/3 of the spectral width arises from
inter- and intramolecular coupling. The spectral shape of the
vertically polarized Raman spectrum of 100% D2O is clearly
different from the IR spectrum (blue spectra in Figure 2A,B).
IR and Raman spectral shapes are different because the angular

factors in transition dipole and polarizability, respectively,
determine the weights of different frequency components in
the IR and Raman spectra.38 The red side of the Raman
spectrum at ∼2395 cm−1 has a distinct shoulder (solid arrow,
Figure 2B), whereas such a feature is not present in the IR
spectrum. Auer and Skinner calculated the IR and Raman line
shapes of H2O and suggested that this low-frequency shoulder
is a collective vibrational mode resulting from the delocaliza-
tion of O−H modes over several oscillators (up to 12 O−H
oscillators in their computations).38 The shoulder around 2650
cm−1 (Figure 2B, dotted arrow) that is more visible in the
vertically polarized Raman spectra and less so in the IR spectra
has previously been attributed to water molecules with non-H-
bonded O−D modes.38,45

Since sum frequency generation involves a simultaneous IR
and Raman transition46,47 (Figure 1A), we computed the
product of the IR and Raman spectra at different isotopic
dilutions. Differences between the IR x Raman spectrum and
the droplet |Γ(2)|2 spectra reveal information about the
different interfacial molecular environments at the oil
droplet/water interface compared to bulk water. Figure 2C
shows the product of IR and vertically polarized Raman spectra
in the absence of droplets at different isotopic dilution ratios.
Similar to IR and Raman spectra, the product also shows
increased spectral width for pure D2O (FWHM ∼250 cm−1)
and spectral narrowing and blueshift with isotopic dilution
(FWHM ∼130 cm−1). The center peak frequency of the bulk
uncoupled O−D stretch mode at 15% D2O is 2512 cm−1, and
it has a full width at half-maximum (FWHM) of ∼130 cm−1.
Published reflection SF spectra of the isotopically diluted air/
water interface24,26 are very similar compared to the IR ×
Raman spectra of bulk water in Figure 2C, with a center
frequency/FWHM combination of 2510/150 cm−1. The H-
bond network adjacent to the air−water interface was thus
concluded to be very similar to that of bulk water.26 For 100%
D2O, the IR × Raman shows two distinct features in the H-
bonded OD region, similar to the SFG spectrum of the air/
water interface. Schaefer et al. decomposed the effect of intra-
and intermolecular coupling at the air/water interface and
concluded that intramolecular coupling (Figure 1D) is
responsible for the splitting of the OD stretch band into two
(leading to the “modes” at 2395 and 2500 cm−1), whereas
intermolecular coupling (Figure 1C) was concluded to be
primarily responsible for the spectral broadening.29 However,
the temperature dependence of Figure 1B shows that despite
this coupling effect, there is also a different distribution of H-
bonds around those frequencies. Thus, for bulk water and for
the air−water interface, H-bond strength as well as inter- and
intramolecular coupling contribute to the vibrational spectrum
of water.

SFS Isotopic Dilution Spectroscopy of the Droplet
Interface. Figure 2D shows the droplet |Γ(2)|2 spectra at
different isotopic dilution ratios. Comparison between the blue
spectra in Figure 2C,D reveals the inversion of the 2395/2500
cm−1 ratio on going from bulk water to interfacial water: At
100% D2O, the 2500 cm−1 feature has a higher relative
intensity compared to the 2395 cm−1 feature for bulk water,
whereas the 2395 cm−1 feature is relatively more intense at the
oil droplet surface (see also the inset of Figure 1B). The 2395/
2500 cm−1 ratio for pure D2O however can be due to a
stronger H-bonding, vibrational coupling, or a combination of
both. Inspection of the 15% D2O spectra in Figure 2C,D
reveals that a (smaller) shoulder around 2395 cm−1 remains at
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the oil droplet surface even for the uncoupled O−D indicating
the presence of a strongly H-bonded water population. In
contrast, for bulk water, this asymmetric shoulder is completely
absent. The inset of Figure 2D shows the 2395/2500 cm−1

peak intensity ratio for different D2O/H2O ratios. At all
isotopic dilution ratios, the peak ratio is higher for the oil
droplet surface compared to bulk water, indicating that the oil
droplet interface induces more strongly H-bonded water
molecules at the hydrophobic oil droplet surface, in agreement
with the temperature dependence experiment (Figure 1B).
Thus, on the oil nanodroplet interface, the doublet structure at
2395/2500 cm−1 is not purely due to vibrational coupling, and
a fraction of more strongly hydrogen-bonded water molecules
exists (in contrast to what has been concluded about the air−
water interface26). This more strongly hydrogen-bonded
environment is also apparent by comparing central frequencies
of the isotope diluted spectra. The center frequency of the
uncoupled O−D vibration at the nanodroplet interface is at
2500 cm−1, whereas the uncoupled bulk O−D spectrum is
centered at ∼2512 cm−1. Compared to bulk water (and the
air/water interface), there is thus a 10−12 cm−1 vibrational
mode shift to lower frequencies.
Non-Water-H-Bonded O−D Modes. Comparing the SFS

spectrum of the water adjacent to oil droplets to the reported
spectrum of the air/water interface,10,35,37 the biggest differ-
ence in Figure 1B occurs >2500 cm−1. On a planar air/water
interface, this high-frequency O−D population originates from
non-H-bonded water molecules. On the oil droplet, if such a
population is present, it could be red-shifted and merged with
the broad H-bonded O−D continuum,5 as investigated
recently by polarimetric SFS.23 Inspecting the SFS spectra
from the droplets (Figure 2D), we note that there is still SFS
intensity up to ∼2745 cm−1 for all three spectra. We investigate
the nature of this water by analyzing the isotopic dilution
spectra in more detail. Figure 3A shows the integrated spectral
SF intensity for the different isotopic dilutions. If one assumes

that every O−D group contributes in an identical manner to
the SF spectrum, the integrated SF intensity can be
approximated as the square of the total number of O−D
oscillators. This curve is shown as the dashed line in Figure 3A.
Comparing the SFS data to this curve, we observe that the
maximum overall intensity is reached for the mixture of 85 vol
% D2O in H2O and not for 100% D2O. This means that in
pure D2O, vibrational coupling reduces the integral intensity of
the SFS spectrum. In the high-frequency region of the
spectrum, where one observes non-H-bonded water molecules,
we expect to obtain a bigger contribution from D2O compared
to HOD since the vibrational frequency of non-H-bonded D2O
is higher than that of HOD.28 To determine if non-H-bonded
D2O is indeed present, we integrate the SF spectra in different
spectral regions of 2600−2800, 2620−2800, 2640−2800,
2660−2800, 2680−2800, and 2700−2800 cm−1. Figure 3B
shows the resultant integrated intensities plotted as a function
of mole fraction of D2O. As is the case in Figure 3A, the
intensity in the high-frequency spectral region is smaller for
lower mole fractions of D2O. If uncoupled O−D of D2O is
present, the SFS intensity should increase monotonously with
an increase in the amount of D2O.

28 The dashed line in Figure
3A represents the square of the relative amount of D2O in the
sample, which represents the expected SF intensity. The
spectral range 2600−2800 cm−1 maximizes at a D2O volume
fraction of 0.85, indicating that multiple species contribute to
this part of the SFS spectrum (HOD as well as D2O
molecules). The spectral range >2640 cm−1 increases
monotonously, indicating a smaller contribution of HOD
molecules, while the range >2700 cm−1 follows the trend
expected when only D2O contributes to the SF response. This
analysis reveals that the high-frequency part of the SFS
spectrum of water adjacent to oil droplets contains non-water-
H-bonded water molecules, even though they are not directly
visible as a separate peak as in the air/water reflection SF
spectrum. It should be noted that we are able to identify the
isotopically pure D2O component of the non-H-bonded O−D
population due to the monotonous increase in intensity. This
high-frequency spectral region has fewer overlapping reso-
nances compared to the H-bonded part of the O−D stretch
spectrum. However, intensity in the SFS spectra toward lower
frequencies can further be complicated by overlapping
resonances, presumably giving rise to the nonmonotonous
trend that maximizes around D2O volume fraction of 0.85.
Given that the monotonous increase in Figure 3B already

starts at 2640 cm−1, we conclude that there is a broad spectral
region that contains D2O molecules that are not H-bonded to
other water molecules. Non-H-bonded water at the oil droplet
interface can refer to multiple species: Truly free isolated water
molecules, water molecules with a single free O−D group, and
water molecules that interact with oil and not with water
(Figure 3B inset). The first two are known to exist at the air/
water interface and occupy a rather narrow spectral region
around 2745 cm−1. Water molecules that interact with oil are
therefore the ones that most likely attribute to the broad
spectral band down to ∼2600 cm−1 that can be discerned using
isotopic dilution. This broad band agrees with the polarimetric
SFS results.23 In the latter study, concomitant SFS measure-
ments of the C−H modes of the oil were also performed as
were interfacial charge measurements. The combined data set
revealed that charge transfer occurs from water to oil. Charge
transfer not only produces a broad band of non-water H-
bonded OD modes but also renders the oil droplet surface

Figure 3. Identifying the non-H-bonded O−D population. (A)
Integrated SF spectral intensity as a function of D2O mole fraction in
the mixture (blue squares). The square of the total amount of O−D
oscillators is also plotted as an indication of the expected amount of
intensity if all O−D oscillators were independent (dashed line). (B)
Integrated SF spectra in different spectral regions (from top to
bottom in the order): 2600−2800, 2620−2800, 2640−2800, 2660−
2800, 2680−2800, and 2700−2800 cm−1. The dashed line represents
the square of the amount of interfacial D2O, which would be
responsible for uncoupled non-H-bonded O−D oscillator intensity.
The inset shows an illustration of a non-water-H-bonded O−D mode
that contributes to the high-frequency region of the SFS spectrum.
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negatively charged and thus stable. Additional simulations
provided evidence for improper H-bonds between water and
oil.23 The measurements shown here confirm the presence of a
broad distribution of non-water-H-bonded water molecules via
a different, unrelated, set of experiments. Our data show that
water is not only more strongly H-bonded to water at the oil−
water interface but also participates in more diverse structures
and interactions.

■ CONCLUSIONS

In summary, we provided an interfacial isotope dilution study
on the O−D stretch mode of D2O in contact with hydrophobic
oil nanodroplets. We disentangled hydrogen-bonding and
vibrational coupling effects of water next to hydrophobic oil
droplets dispersed in water using isotopic dilution vibrational
SFS spectroscopy. Correcting for IR absorption effects allows
one to retrieve the |Γ(2)|2 spectrum from the measured SFS
response. Analysis of the O−D stretch vibrational spectra as a
function of temperature and isotopic dilution revealed the
presence of more strongly hydrogen-bonded water molecules
at the oil nanodroplet surface compared to the extended planar
air/water interface as well as bulk water, through three
different observations: A higher ratio of the 2395/2500 cm−1

modes at room temperature compared to temperature-
dependent data taken at the air−water interface, a redshift in
the vibrationally uncoupled SFS O−D mode spectrum, and a
shoulder around 2395 cm−1 in the same uncoupled spectrum.
The intra- and intermolecular vibrational coupling at the oil
droplet surface was responsible for roughly half the spectral
width of the SFS spectrum. This is similar to that of bulk water.
The similarity between the structure of water next to a
hydrophobic oil droplet, the planar extended air/water
interface, and bulk water is not surprising: The O−H and
O−D stretch modes are localized vibrations and the structure
of water is for a large part determined by surrounding water
(even at an interface). Therefore, the observed spectral
differences are relatively small. This may change if one probes
over a longer length scale. However, the difference reported
here between the water in contact with a hydrophobic
nanodroplet and bulk water is noticeably larger than the
difference between bulk water and the air−water interface. As a
token of this similarity and subtle difference, we found that
non-water-H-bonded O−D species are present at the oil
droplet surface via isotopic dilution experiments. Although not
immediately evident from the nonisotopically diluted spec-
trum, from ∼2640 cm−1 and onward to higher frequencies,
there are water molecules that are not hydrogen-bonded to
other water molecules. The frequency distribution is broad
compared to the planar air/water interface due to the charge
transfer interactions with oil molecules, which were previously
identified via a different set of experiments.23
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