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10 Cool behaviour of water
droplets in oil

We report on the surface structure of nanoscopic water droplets and ice
nanocrystals in hydrophobic oil as obtained from vibrational sum-frequency
scattering measurements. The interface of a water droplet shows significantly
stronger hydrogen bonds than the air–water interface and previously reported
planar hydrophobic–water interfaces at room temperature. The observed spec-
tral difference is similar to that of a planar air–water surface at a temperature
that is ∼60 K lower. Supercooling the droplets to 263 K does not affect the
surface structure. Below the homogeneous ice nucleation temperature a single
vibrational mode is present with a similar mean hydrogen-bond strength as for
a planar ice–air interface. The observed differences suggest that the interface of
a liquid water droplet in a hydrophobic environment — such as marine aerosols
and cloud droplets — is much less reactive than expected.

10.1 Introduction

Aqueous hydrophobic interfaces play a defining role on nano- and microscopic
length scales. Pockets and droplets of water in a hydrophobic environment
are omnipresent in the atmosphere (as ice particles, marine aerosols, and cloud
droplets [253]), the earth [254] (in e.g. oil fields), and in chemical [255,256] and
biological processes [257–259] (as vehicles for medicine delivery [260]). For all of
these processes the hydrophobic interface of nanoscopic water droplets plays a
critical role in determining the fate of the system. The molecular surface proper-
ties of such water droplets are commonly inferred from data obtained from the
macroscopic water–air interface [48, 66,194,261–263] or from aqueous solutions of
solvated hydrophobes, [264] systems that are possible very different in both their
size, chemical composition and temperature dependence from actual droplet
surfaces. As such, the surface structure of a water droplet remains elusive.

In this chapter we present temperature controlled sum-frequency scattering
experiments on nanoscopic water droplets in a liquid hydrophobic environment.
We find that compared to the water–air interface the spectrum reveals a greater
order corresponding to that of a planar water surface at a ∼60 K lower temper-
ature. In addition, upon supercooling the droplets the surface spectrum does
not change shape. Cooling the water droplets below the homogeneous ice nu-
cleation temperature results in a spectrum with a single symmetric peak that
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Cool behaviour of water droplets in oil 10.3

is similar to the one found for the ice–air interface.

10.2 Experimental methods

Water-in-oil emulsions are prepared by 1 vol% D2O to a solution of 5 mM
Span80 in hexadecane or in a 1:1 mixture of decane and cyclohexane. The
emulsions are sonicated in an ultrasonic bath to an average droplet radius of∼100 nm and a polydispersity index of ∼0.2. Span80 is a hydrophobic non-ionic
surfactant that partially covers the interface and stabilizes the droplets.

Temperature dependent SF scattering measurements are performed using
a custom made temperature cell (Quantum Northwest) with a metallic holder
for the sample cuvette. The temperature is regulated by an attached Peltier
element. The hot side of the Peltier element is cooled with a flow of liquid
ethanol pumped by a peristaltic pump (Ismatec ISM1200). The liquid ethanol
is cooled to ∼220 K with a copper coil placed in a bath containing a mixture of
dry ice and ethanol. The windows of the temperature cell are from CaF2 (for
the incoming beams) and quartz (for the scattered SF beam). The enclosed
sample chamber is filled with N2 gas to avoid condensation of water vapour.

The SF scattering experiments are performed with a comparable experimen-
tal setup as the one described in Chapter 9. The angle between the 10 μJ VIS
beam (800 nm, FWHM 15 cm−1) and the 6 μJ IR beam (3–4.5 μm, FWHM
160 cm−1) is 20○ (as measured in air). The focused beams are overlapped in a
sample cuvette with a path length of 200 μm. The scattered SF photons are
detected under an angle of 55○ (as measured in air). The experimental setup is
purged with N2 gas to reduce the strong CO2 absorption around 2345 cm−1 of
the IR pulse and to prevent the condensation of water vapour on the tempera-
ture cell windows.

All spectra are acquired in an ssp-polarization configuration and baseline
subtracted. Because the scattering experiments are performed in transmission,
we have to take into account that the oil phase absorbs part of the IR spectrum.
For that purpose the SF scattering spectra are corrected by a linear absorption
spectrum as measured from the same cuvette. Next the spectra are corrected for
refraction of the electromagnetic fields at the droplet interface using non-linear
Mie theory [76, 77] and literature values for the optical constants of oil [265] and
D2O. [266] The spectral envelope of the IR light is divided out by a SF spectrum
of z-cut quartz measured in reflection geometry.

10.3 Results and discussion

The scattered SF spectrum of D2O nanodroplets in d-hexadecane (296 K) as
well as the SF spectrum of a planar liquid D2O–air interface are shown in
Fig. 10.1. The SF spectrum of the D2O–air interface has three main features
at 2370 cm−1, 2510 cm−1, and 2745 cm−1. The latter corresponds to free OD
bonds sticking out of the surface. [68] The 296 K droplet–hydrophobic interface
spectrum contains the same 2370 cm−1 and 2510 cm−1 features (indicated by the
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Figure 10.1: SF scattering spectrum of D2O droplets in d-hexadecane (red)
and SF spectrum of the D2O–air interface measured in reflection geometry
(blue). The inset shows the ratio between the low and high frequency bands
of the SF spectrum of the planar water–air interface [267] (blue markers) and
an extrapolation with a quadratic polynomial fit to a lower temperature range
(blue line). The ratio for the room temperature water nanodroplet spectrum is
depicted by the red marker. The SF spectra are collected in the ssp-polarization
configuration.

dashed lines), but the higher frequency components are significantly less intense.
The frequency of the OD stretching vibrations is correlated to the strength of
the interfacial hydrogen-bond interaction: the OD frequency decreases when the
hydrogen-bond strength increases. Hence, there are relatively more strongly
hydrogen-bonded water molecules at the water droplet interface than at the
water–air interface of the same temperature. This difference implies a higher
degree of tetrahedral ordering at the water droplet interface.

The peak ratio of the 2370 cm−1 and 2510 cm−1 features changes with tem-
perature for the water–air interface. The inset in Fig. 10.1 shows that the
ratio increases with decreasing temperature, [267] indicating that the popula-
tion of stronger hydrogen bonds increases over that of weaker hydrogen bonds.
The peak ratio obtained for the water droplets is also indicated (red marker).
Based on extrapolating the ratios found for the water–air spectra (blue line)
we find that the same ratio as for the water droplets would be found at a hy-
pothetical planar water–air interface of ∼240 K (i.e. ∼60 K colder). Thus, the
water molecules of the water droplet–hydrophobic interface appear to be much
more structured than the water molecules at a planar water–air interface. This
result is in qualitative agreement with previous studies on macroscopic water–
hydrophobic interfaces, [267–269] but the change in the peak ratio with respect
to the air–water interface (100 %) is much bigger than that observed for the
planar liquid–hydrophobic interfaces (∼20 % [267–269]). The absence of a non-
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Figure 10.2: Room temperature SF scattering spectra of D2O droplets in
different solvents (a) and stabilized with different surfactants. (b) The planar
D2O–air SF spectrum is shown for comparison. (a) D2O droplets (1 vol%)
in deuterated and hydrogenated hexadecane and in a mixture of cyclohex-
ane and decane, stabilized with 5 mM Span80. (b) D2O droplets in 5 mM
Span80 in deuterated hexadecane, a 5 mM mixture of 84:16 weight fraction
Span80:Tween80 in deuterated hexadecane, a mixture of 10 mM SDS with
5 mM Span80 in hexadecane, tri-block PEG-900 in fluorinated oil HFE-7500
(prepared with microfluidics).

hydrogen-bonded free OD mode in the droplet spectrum can be explained by
the presence of OH groups on the Span80 molecule that can form hydrogen
bonds with interfacial water molecules.

To estimate the influence of the precise chemical structure of the hydropho-
bic environment on the interfacial water structure we measure water droplets
in different hydrophobic solvents. SF scattering spectra for other combinations
of hydrophobic oils (mixtures of decane and cyclohexane, fluorinated oil) and
surfactants (Tween80, tri-block PEG-900) are presented in Fig. 10.2. The spec-
tra of dispersed water droplets in various hydrophobic environments are all
redshifted with respect to a planar water–air interface. Besides, the addition
of either an anionic (SDS) or a hydrophilic non-ionic surfactants (Tween80)
does not result in a significant spectral change. This indicates that the spec-
tral redshift is a common phenomenon of water droplets in an hydrophobic
environment.

The SF spectra of D2O droplets in a mixture of decane and cyclohexane
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Figure 10.3: (a) SF scattering spectra of D2O droplets in a mixture of decane
and cyclohexane at room temperature and under supercooled conditions. (b)
SF scattering spectrum of frozen D2O droplets in a mixture of decane and
cyclohexane at 233 K and SF spectra of the basal surface of the H2O ice–air at
230 K, 200 K, and 170 K. The H2O spectra are converted to D2O spectra [263]

by multiplying the frequencies by a factor of 1/1.35.

at different temperatures are shown in Fig. 10.3. Supercooling the droplets
results in a slight redshift of the spectrum, but the spectral shape does not
change (Fig. 10.3a). Further cooling the droplets down to 233 K let all droplets
freeze (the homogeneous ice nucleation point of D2O is 237 K [270]) and yields
a spectrum of ice nanocrystals (Fig. 10.3b). The spectrum of the nanocrystals
is redshifted and much narrower than the spectrum of liquid droplets, reflect-
ing the narrower distribution of hydrogen bonds in the ice nanocrystals and
their increased strength. For comparison, Figure 10.3b also shows normalized
intensity spectra of the planar ice–air interface (see Chapter 6). The H2O fre-
quencies are converted to corresponding D2O frequencies [263] by multiplication
with 1/1.35. The resonance in the SF spectrum of the ice nanocrystals has a
similar frequency as is observed for the planar ice surface of the same temper-
ature. This indicates that the difference in surface structure observed for the
liquid interface is not present in the solid phase. The absence of the effect for the
frozen droplets can be understood from the fact that when the droplets freeze,
the mutual water–water interactions become relatively more important for the
resulting water spectrum (and the detected hydrogen-bond strength) than the
interactions with the hydrophobic oil molecules. For crystalline planar ice, the
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Cool behaviour of water droplets in oil 10.4

observed SF ice–air spectrum originates in part from OH groups connecting the
different layers in the ice crystal. [169,174] These deeper layers of water molecules
are much less influenced by the hydrophobic groups at the interface. Hence, for
planar ice and frozen water droplets of the same temperature the hydrogen
bonds of the probed OH groups are of similar strength.

Thermodynamics [271,272] and Raman-MCR measurements on solvated alka-
nols [264] show that hydrophobic solute perturbed water molecules are more
tetrahedrally ordered and thus more constrained in configurational space. These
solutes are very small and fulfill the criterion of Chandler [255] that states that
hydrophobic solutes lead to an enhancement of the tetrahedral ordering of wa-
ter if the radius of the solute is <1 nm. [255] In this perspective the present
observations of an enhanced ordering of water molecules at the surface of wa-
ter nanodroplets embedded in oil is surprising, as the droplet radius is very
large compared to the criterion defined by Chandler. However, the interaction
with oil can lead to a significant local corrugation of the water droplet surface,
yielding a similar structure for the interfacial water as is observed for water
surrounding small hydrophobic solutes.

10.4 Conclusions

Vibrational sum-frequency scattering spectra from water droplets with a radius
of ∼100 nm embedded in a hydrophobic liquid at different temperatures show
that the hydrogen-bond network of the interfacial water possesses a much en-
hanced tetrahedral structure compared to a planar air–water interface. This
greater order manifests itself as a redshifted spectrum. This increase is much
larger than observed in previous studies of planar liquid hydrophobic–water
interfaces. The observed surface structure of the water droplets corresponds
to that of a water–air interface that is ∼60 K colder. Upon supercooling the
droplets, the surface spectrum does not change shape. Cooling the sample be-
low the homogeneous ice nucleation temperature results in a spectrum with a
single symmetric peak at a comparable frequency as that of a planar ice–air
interface of the same temperature.

The presented experiments demonstrate the possibility of quantifying the in-
terfacial structure of water droplets and illustrate the large impact of nanoscopic
hydrophobic surfaces on the hydrogen-bond structure of water. With a reduc-
tion of the effective ‘surface temperature’ we expect that the reactivity of water
droplets embedded in a hydrophobic environment such as in marine aerosols
and cloud droplets [253] or medicine carriers [260] is lower than what one might
think based on the actual temperature. Future studies on such nanoscopic sys-
tems may reveal important information on the role and reactivity of interfacial
water in aerosol formation, protein folding, pore functioning [255,257,258,273] and
the charging and stabilization of hydrophobic interfaces.
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The work presented in this chapter has been performed in collaboration with the
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