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9 Freezing effects of
oil-in-water emulsions

Sum-frequency scattering spectroscopy is used to study the properties of hexade-
cane and dodecane oil droplets in water. The sum-frequency scattering spectra
contain vibrational bands that correspond to the symmetric and antisymmetric
CH stretching vibrations of the methylene (CH2) and methyl (CH3) groups of
the alkane molecules. The relative amplitudes of the vibrational bands provide
information on the surface structure and the shape of the oil droplets. We study
the emulsions over a temperature range of −48 to 24 ○C, including the freezing
transitions of the water matrix and the oil droplets. Hexadecane oil droplets
freeze at a higher temperature than the surrounding water, whereas dodecane
oil droplets freeze at a lower temperature than the surrounding water. This
allows us to independently study the freezing effect of oil and water on the sur-
face structure of the oil droplets. In both cases freezing leads to a change in the
polarization dependencies that are valid in the case of the spherical-symmetric
shapes that the oil droplets assume when both water and oil are liquid. We find
that the freezing of water leads to a strong distortion of the liquid dodecane
surface but has little effect on the surface of already solidified hexadecane. For
completely frozen emulsions a further decrease in temperature is observed to
lead to a further distortion of the surface of the solid oil particles, which might
be caused by increasing hardness of the ice matrix encapsulating the particles.

9.1 Introduction

Oil-in-water emulsions are omnipresent in oil-based products, including foods,
cosmetics, paints, crop protectors, and pharmaceuticals. [212–214] The emulsion
properties are determined by the molecular-scale structure of the adjacent oil
and water layers, as this structure determines the free energy of the oil–water
interface. The freezing of oil-in-water emulsions affects many functional prop-
erties like their stability, [215] which is relevant in many applications, for in-
stance in the chilled storage of frozen ready meals. Previously the liquid–solid
phase transitions of emulsified oils have extensively been studied with differen-
tial scanning calorimetry [215–220] and ultrasonics. [221–224] The bulk properties
of frozen emulsified oils have been investigated using X-ray scattering experi-
ments [225–227] and electron microscopy. [228] However, until now no direct study
on the molecular structure of the oil droplet surface upon freezing has been
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Freezing effects of oil-in-water emulsions 9.2

performed. To this purpose, temperature-dependent sum-frequency scattering
is a powerful technique.

Recently, SF scattering made it possible to obtain information about the
molecular structure of the oil droplet–water interface. [79, 83] In this chapter we
investigate the effects of phase changes on the interface of oil-in-water emulsions
using SF scattering spectroscopy. We investigate two oil-in-water emulsions:
a hexadecane-in-water emulsion with the oil freezing temperature above the
freezing point of water, and a dodecane-in-water emulsion with the oil freezing
temperature below the freezing point of water. [215] In this chapter we present
and discuss SF scattering spectra at room temperature and at different temper-
atures during cooling down to −48 ○C. This is the first reported study employing
temperature-dependent SF scattering spectroscopy.

9.2 Experiment

The SF scattering experiments are performed using a commercial Ti:sapphire
laser system (Coherent Legend) that delivers 3.2 mJ pulses at a wavelength of
800 nm (FWHM 70 nm) and at a repetition rate of 1 kHz. The VIS pulse is
made by spectrally narrowing 20 % of the laser output to a FWHM of 0.6 nm
(10 cm−1) by a pulse shaper. [229] The IR pulse is generated using a home-built
OPA, pumped by the other 80 % of the laser output. This process yields 20 μJ
pulses at 3.4 μm (2900 cm−1) with a FWHM bandwidth of 280 nm (240 cm−1).
The polarizations of the VIS and IR light are independently adjusted by a
combination of a λ/2-plate and a polarizer.

A schematic of the experimental geometry is shown in Fig. 9.1. The IR and
VIS light are focused by the same 90○ off-axis parabolic gold mirror with an
effective focal length of 10 cm to a spot size of about 150 μm and are incident
under a relative angle of 6○ (as measured in air). To match the focused spot
sizes of the IR and VIS beams, [27] the VIS beam size is reduced by a telescope
before the parabolic mirror.

The SF scattering signal is collected by a collimating lens with a focal dis-
tance of 4 cm under an angle of 45○ and an effective diameter of 23 mm, corre-
sponding to an acceptance angle of 21–41○ of the SF signal of a water sample. A
shortpass filter (Semrock FF01-775/SP-25) and bandpass filter (Semrock FF02-
650/100-25) are used to suppress background scattering of the VIS beam and
light generated at other frequencies by higher-order processes. A final polarizer
cube is used to select the polarization of the SF light. The SF light is detected
by a Princeton Instruments spectrometer system consisting of a Pixis 100 CCD
camera in conjunction with an Acton SP 2356 monochromator. We use an
integration time of 300 s per spectrum.

The sample is cooled in two stages. A processor cooler (LD PC-V2) with a
cooling power of 300 W at −30 ○C cools a copper board on which a 40 W double
stage Peltier element is mounted. On top of the Peltier element a movable
copper holder is placed, which can hold both an emulsion between two Raman
grade CaF2 windows (Crystran) with a 100 μm spacer and a z-cut quartz crystal
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9.2 Freezing effects of oil-in-water emulsions

Figure 9.1: Schematic of the experimental setup in the horizontal plane. An
IR beam (red) and a VIS beam (green) are collimated by the same parabolic
mirror and overlapped in the sample cell containing an emulsion. SF scattered
light (blue) is generated in a wide angular range. A collimating lens selects
an angular range which is conducted into the spectrograph. The reflection
detection scheme, which is used for referencing of the IR spectrum, is indicated
in yellow.
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Freezing effects of oil-in-water emulsions 9.2

Figure 9.2: Schematic drawing of the sample cell holder.

(see Fig. 9.2). The copper holder is held in place by a flexible spring steel plate
which acts as a pressure release. By adjusting the current through the Peltier
element, temperatures down to −60 ○C can be achieved. During the experiments,
we used a cooling rate of maximally 2 ○C/min. In order to prevent condensation
on the windows of the sample cell holder, the last part of the setup is enclosed
and continuously purged with dry nitrogen.

Recorded SF spectra are shown as a function of IR frequency in units of
wavenumber (cm−1). The spectra are baseline subtracted and corrected for
the air–CaF2 reflection losses in s-polarization. The polarization combinations
are given in order of decreasing frequency of the interacting light fields, i.e.
ssp stands for s-polarized SF, s-polarized VIS, and p-polarized IR light. For
spherical liquid droplets the non-zero polarization configurations are ppp, ssp,
sps, and pss, and the latter two have nearly identical spectral shapes. [78] All
spectra are normalized to a SF spectrum of z-cut quartz measured in reflection
geometry in the ssp-polarization combination in order to divide out the spectral
shape of the IR beam. [52] We switched between measuring emulsions in the
scattering geometry and quartz reference spectra by shifting the height of our
sample cell holder (see Fig. 9.2).

The emulsions are prepared by adding 1 vol% dodecane or 2 vol% hex-
adecane to a solution of 10 mM deuterated sodium dodecyl sulfate (SDS) in
D2O. Hexadecane and dodecane are from Sigma–Aldrich and have analytical
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9.3 Freezing effects of oil-in-water emulsions
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Figure 9.3: Temperature dependence of the linear scattering intensity of a
diode laser for the C16 and C12 emulsions by cooling from 24 to −48 ○C. Intensity
changes are an indicator of phase transitions.

purity (≥ 99.8 %). Deuterated SDS (98 % D) is obtained from Cambridge Iso-
topes. The emulsions are ultrasonicated to decrease the average droplet radii,
which is characterized by dynamic light scattering (using a Malvern Zetasizer
Nano ZS) to be 116 ± 21 nm for the hexadecane emulsion and 59 ± 14 nm for
the dodecane emulsion. Both emulsions have a surface to volume ratio of about
5 ⋅ 105 m−1 in the hard sphere approximation. The addition of SDS makes the
emulsions stable, even over years. [230] With the droplet concentrations used the
scattering is in the linear regime, [79] multiple scattering will thus be negligible.
Hereafter, we will denote the hexadecane-in-D2O emulsion as the C16 emulsion
and the dodecane-in-D2O emulsion as the C12 emulsion after the number of
carbon atoms in the alkane.

Due to supercooling, the freezing temperatures in emulsions are lower than
in bulk, which are reported to be 3.8 ○C for D2O, 18.1 ○C for hexadecane, and−9.6 ○C for dodecane. [9] We measure the freezing transition temperatures of
the C16 and C12 emulsions by linear light scattering, [231,232] shown in Fig. 9.3.
During the linear light scattering experiment the water phase crystallizes rapidly
in the whole sample at −3 and −4 ○C for the C16 and C12 emulsion, respectively.
However, given that the water solvent can nucleate from a single nucleation core,
the water crystallization temperature can vary by a couple of degrees, even for
samples of the same composition. [217,233] The oil droplet solidification takes
place over a broad range due to the polydispersity in droplet size. [216,220,221]

This finding agrees with differential scanning calorimetry experiments. [215] The
oil solidification takes place in the C16 emulsion from 2.5 to 1 ○C and in the C12

emulsion over a broader temperature range from −15 to −27 ○C. [234]
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Freezing effects of oil-in-water emulsions 9.3

9.3 Results and discussion

9.3.1 Room temperature

SF scattering spectra of the two alkane-in-water emulsions taken at room tem-
perature are shown in Fig. 9.4. The different polarization combinations allows
to assign the resonances. Similar to the guidelines we have given for reflective
SFG in Section 3.3, we can formulate rules of thumb for the dependence of the
scattering SF signals on the polarization configuration. For our experimental
configuration, the following dependencies on the polarization configurations are
expected: [77, 235]

(a) Symmetric CH2 and CH3 vibrations are stronger in the ssp- than in the ppp-
polarization combination and negligible in the pss-polarization combination.

(b) Antisymmetric CH2 and CH3 vibrations are strongest in the ppp-, interme-
diate in the pss-, and weakest in the ssp-polarization combination.

Therefore, we can assign the symmetric CH2 stretch mode (d+, at∼2857 cm−1), the symmetric CH3 stretch mode (r+, at ∼2878 cm−1), and
the nearly degenerate antisymmetric CH3 stretch mode (r−, at ∼2970 cm−1).
The antisymmetric CH2 stretch mode (d−, at ∼2928 cm−1) overlaps with a
Fermi Resonance of the r+ with the overtone of the antisymmetric bending
vibration (r+FR, at ∼2940 cm−1). [236,237] In the pss-polarization combination
the d− dominates and in the ssp-combination the r+FR dominates. In the
ppp-polarization combination both the d− and the r+FR are strong and they
are observed as a single broad band. The deviation of a few wavenumbers
with other literature values [65, 83,235,237,238] falls within the uncertainty in the
calibration of the spectrometer.

The solid lines in Fig. 9.4 are fitted using Eq. (3.29) with five Lorentzian-
shaped resonances and a spectral width of 10 cm−1 for the VIS beam. To
decrease the covariant noise in the fitting procedure, we assumed the resonance
widths of the CH2 and CH3 symmetric stretch vibrations to be equal.

An alkane molecule with an even number of carbon atoms in an all-trans
configuration has local inversion symmetry at the centre of each C–C bond.
Therefore, symmetry considerations impose that no SF photons can be emit-
ted from the symmetric CH2 stretch (d+) vibration of an alkane in all-trans
conformation. [239] Therefore, the amplitude ratio of the d+ and the r+ vibra-
tions is a measure of the deviation from an all-trans conformation of the alkyl
chains. [83, 238–243] In the ssp-polarization combination we find a d+/r+ ratio of
0.49±0.14 for the C12 emulsion and a d+/r+ ratio of 0.89±0.13 for the C16 emul-
sion. The latter is in agreement with the value of 0.88±0.42 found by de Aguiar
et al. [83] It follows that the d+/r+ ratio is 1.8 ± 0.6 times larger for hexadecane
than for dodecane. Thus, hexadecane molecules have more gauche defects than
dodecane molecules, which agrees with their difference in alkyl chain length.
This ratio is in reasonable agreement with reflective SF studies on the liquid
alkane–air interface by Esenturk et al. [243] where the d+/r+ amplitude ratio (as
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9.3 Freezing effects of oil-in-water emulsions

2800 2850 2900 2950 3000

0

0.5

1

1.5

d+

r+

d− r+
FR

r−

C
16

ppp
ssp
pss

2800 2850 2900 2950 3000

0

0.5

1

1.5

2

2.5

IR frequency [cm−1]

C
12

d+ r+

d− r+
FR

r−

N
or

m
al

iz
ed

 S
F

 in
te

ns
ity

 [a
.u

.]

Figure 9.4: SF scattering spectra of the liquid–liquid interface of the C16

emulsion (top) and the C12 emulsion (bottom) at 24 ○C. Circles represent ex-
perimental data and solid lines are fitted curves to the experimental data (see
text). The different CH2 and CH3 modes are indicated by their abbreviations.
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Freezing effects of oil-in-water emulsions 9.3

determined from the intensity ratio) was found to be 1.12 ± 0.07 for dodecane
and 1.8 ± 0.3 for hexadecane.

The d+/r+ ratio depends on the polarization combination. In the ppp-
polarization combination we find a d+/r+ ratio of 1.6± 0.4 for the C16 emulsion
and 0.76 ± 0.13 for the C12 emulsion. The d+/r+ ratios in the ppp-polarization
combination are thus 1.8±0.4 (hexadecane) and 1.6±0.2 (dodecane) times higher
than in the ssp-polarization combination. This result agrees with calculations
using the theoretical framework provided by de Beer and Roke, [77] predicting
the d+/r+ ratio to be 1.5 times larger in the ppp- than in ssp-polarization com-
bination.

The antisymmetric CH3 stretch (r−) and symmetric CH3 stretch (r+) vi-
brations both originate from the same part of the alkane molecule and the
r−/r+ amplitude ratio gives information about the average molecular tilt of the
end group. [235] In the ssp-polarization combination we find a r−/r+ ratio of
0.38 ± 0.15 for the C16 emulsion and 0.26 ± 0.07 for the C12 emulsion. Calcula-
tions by Chen et al. [235] show that these ratios correspond to average tilt angles
of the CH3 group with respect to the droplet surface normal of 30± 30○ for the
C16 emulsion and 55 ± 15○ for the C12 emulsion. [235] The r−/r+ ratio strongly
depends on the polarization combination.

9.3.2 C16 emulsion freezing

In the top panel of Fig. 9.5 we present SF scattering spectra in the ssp-
polarization configuration at a selection of temperatures. For the liquid emul-
sion, we do not observe any significant changes in the amplitude and shape of
the SF scattering spectra when we vary the temperature. The spectrum at 24 ○C
represents an average of several SF scattering spectra measured in the liquid
phase. This spectrum is fitted using Eq. (3.29).

When we cool the C16 emulsion down to −48 ○C, we observe discontinuous
intensity increments in the SF scattering signal at temperatures that correspond
with the phase transition temperatures (Fig. 9.3). The oil solidification, visible
from 2 ○C, induces both spectral changes as well as an overall increase in SF
intensity. Note that the bulk crystal structure of frozen hexadecane is triclinic
pinacoid [217,244,245] which is centrosymmetric and thus SF forbidden. Hence,
the changes in SF spectrum are manifestations of the interfacial changes.

The formation of crystallites leads to an increase in the SF intensity as a
result of (a combination of) the following three effects:

1. Ordering of the alkyl chains at the interface. [246]

2. Deviations from the spherical shape of liquid oil droplets leading to a larger
interfacial area. [76, 78]

3. The formation of multiple crystalline domains per frozen oil droplet. At the
interfaces of the crystalline domains the symmetry is broken and additional
SF light can be generated. [247]
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Figure 9.5: Top: SF scattering spectra in the ssp-polarization combination of
the C16 emulsion at a selection of temperatures by cooling from 24 to −48 ○C.
Circles represent experimental data and solid lines are fits based on five reso-
nances (see text). Bottom: The d+/r+ (red) and r−/r+ (blue) amplitude ratios
of the C16 emulsion as determined by the fitting procedure. The dashed lines
are the freezing points of the water and the oil. Error bars represent 95 %
confidence intervals of the spectral fitting procedure and the solid lines are
trends.
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Figure 9.6: SF scattering spectra for all eight possible polarization combina-
tions of the C16 emulsion at 0 ○C with frozen oil droplets and liquid water. SF
scattering signal is observed for all eight polarization combinations, indicating
less strict polarization selection rules than for the spherical symmetric droplets
in the liquid emulsion (see text).

Effects 2 and 3 additionally lead to an increase in the SF signal due to a relax-
ation of the polarization selection rules, [78, 247] i.e. more second-order suscepti-
bility elements are non-zero than for spherical symmetric droplets. The random
crystal orientation of the frozen oil droplets also contributes to the relaxation of
the polarization selection rules. [247] The relaxation of the polarization selection
rules is confirmed by the fact that oil freezing results in the observation of SF
signal for all eight polarization configurations (Fig. 9.6). Combined molecular
dynamics and quantum-chemical calculations would be required to determine
the relative importance of these effects.

As oil freezing can result in a large variety of particles with different shapes,
crystal orientations, and crystalline domains, the effective surface second-order
susceptibility that determines the SF response of a particle can be different
for each particle [cf. Eq. (3.35)]. As a result, the responses of the different
vibrations no longer have well-defined phase relations. To illustrate the influ-
ence of a modification of the selection rules on the phase relations, one can
compare the polarization dependencies for an isotropic interface in the ssp-
polarization combination with respect to the ppp-polarization combination. For
the ssp-polarization combination, the second-order susceptibilities of the sym-
metric CH2 stretch (d+) and antisymmetric CH2 stretch (d−) modes of the
same molecular group have opposite signs, whereas they have equal signs for
the ppp-polarization combination. [48, 77] The same holds for the symmetric (r+)
and antisymmetric (r−) stretch modes of a CH3 group. To obtain structural
information, we fit the intensity spectra with an incoherent sum of Lorentzians,
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9.3 Freezing effects of oil-in-water emulsions

representing the d+, r+, d−, r+FR and r− bands. The d+/r+ and r−/r+ amplitude
ratios are shown in the bottom panel of Fig. 9.5.

The crystallization of the hexadecane oil droplets leads to an increase of the
r−/r+ ratio from 0.38±0.15 to 0.96±0.03 at 2 ○C. The value of 0.38 is observed for
the all-liquid phase for which there is no polarization mixing. This r−/r+ ratio
corresponds to an average tilt angle of the terminal CH3 group of 30 ○C. [235] The
r−/r+ ratio of 0.96 observed at 2 ○C cannot be related to a tilt angle as there
is strong polarization mixing (Fig. 9.6), leading to a significant ppp-type signal
for an ssp-polarization combination configuration. The d+/r+ ratio is observed
to decrease from 0.89 ± 0.13 to 0.70 ± 0.04 at 2 ○C, which tentatively indicates
an enhanced polar ordering and a decrease of the number of gauche defects of
the hexadecane molecules at the interface. A decrease of the d+/r+ ratio has
also been found in the case of hexadecane freezing at a hexadecane–sapphire
interface. [248] However, as freezing also leads to a change of the polarization
selection rules, it is not possible to draw unambiguous structural conclusions
from the change in d+/r+ ratio.

The freezing of the water matrix at −4 ○C does not lead to an abrupt change
in the shape of the SF spectrum: neither the d+/r+ nor the r−/r+ ratio changes.
This observation implies that water freezing has no effect on the shape and
surface structure of already solid oil particles. This can be explained from the
fact that the ice matrix is not very solid just below the freezing point: apparently
the amorphous liquid-like layers of water molecules at the ice-oil interface fully
accommodate the shape of the frozen oil droplets. This scenario is illustrated
in the top panel of Fig. 9.9. The freezing of the water matrix does lead to
an increase in the intensity of the SF signal. This is likely an effect of the
clustering of the oil particles induced by the water freezing [212,215,249] because
clustered oil particles scatter SF light at much higher intensities than isolated
particles. [76, 250]

When the temperature is further decreased, the d+/r+ and r−/r+ ratios both
gradually increase. The d+/r+ ratio increases from 0.74±0.03 at −6 ○C to 0.85±
0.04 at −48 ○C. The r−/r+ ratio increases from 1.02±0.02 at −6 ○C to 1.13±0.03 at−48 ○C. The increase of these ratios indicates that the oil particles become more
distorted with decreasing temperature. This can be explained by a hardening
of the liquid-like water layer on the ice surface with decreasing temperature as
we have observed in Chapter 7.

9.3.3 C12 emulsion freezing

We also cool the C12 emulsion down to −48 ○C. The SF scattering spectra at a
selection of temperatures during the cooling process are shown in the top panel
of Fig. 9.7. The spectra for the liquid emulsion do not show any significant
changes as a function of temperature. The spectrum at 24 ○C represents an
average of the several SF scattering spectra measured in the liquid phase, which
is fitted using Eq. (3.29).

For the C12 emulsion the water phase freezing occurs at −7 ○C with the oil
still being liquid. This causes an increases in SF intensity, which is likely a result
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Figure 9.7: Top: SF scattering spectra in the ssp-polarization combination of
the C12 emulsion at a selection of temperatures by cooling from 24 to −48 ○C.
Circles represent experimental data points and solid lines are fits based on five
resonances (see text). Bottom: The d+/r+ (red) and r−/r+ (blue) amplitude
ratios of the C12 emulsion as determined by the fitting procedure. The dashed
lines are the freezing points of the oil and the water. Error bars represent
95 % confidence intervals of the spectral fitting procedure and the solid lines
are trends.
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Figure 9.8: SF scattering spectra for all eight possible polarization combi-
nations of the C12 emulsion at −7 ○C with a frozen water phase and liquid oil
droplets. SF signal is observed for all eight polarization combinations, indicat-
ing non-spherical droplet shapes.

of the clustering of the oil droplets. [212,215,249] Since we observe scattered SF
photons for all eight polarization combinations (Fig. 9.8) which is not allowed
for spherical droplets, we conclude that the water freezing induces a strong
deformation of the liquid oil droplets, [78] probably as a result of the water
expansion upon freezing. The water freezing likely leads to a large variety of
droplet shapes, each with their own effective second-order susceptibility. We fit
the intensity spectra with an incoherent sum of five Lorentzians as we did for the
C16 emulsion with frozen oil droplets. The d+/r+ and r−/r+ amplitude ratios
are shown in the bottom panel of Fig. 9.5. Both the d+/r+ and r−/r+ ratios
increase upon freezing. At −9 ○C the r−/r+ ratio is 1.29 ± 0.04. The increase of
the r−/r+ ratio follows from the deformation of the oil droplets induced by the
frozen water matrix. Freezing of the water matrix also leads to an increase of
the d+/r+ ratio from 0.49±0.14 to 1.06±0.05 at −9 ○C. This change is likely due
to an increase in the number of gauche defects of the dodecane molecules at
the droplet interface. However, it may in part also result from the modification
of the polarization dependencies due to the fact that the droplets become non-
spherical. A strong increase of the d+/r+ and the r−/r+ ratios is observed in
the temperature range from −9 down to −15 ○C, which can be explained from a
hardening of the ice matrix, leading to a stronger deformation of the liquid oil
droplets.

The dodecane oil droplets freeze at temperatures below −17 ○C. The solid-
ification of the oil droplets leads to larger SF signals and the crystallization
causes a modification in the polarization dependencies, like we observed for
the C16 emulsion. The oil solidification is accompanied by a decrease in oil

1231111123



Freezing effects of oil-in-water emulsions 9.3

Figure 9.9: Illustration of the effect of a decrease in temperature on the oil
droplets for the C16 emulsion (top) and the C12 emulsion (bottom). The liquid–
solid transitions are indicated by the black arrows. Freezing of the water matrix
has very little effect when the oil is solid (C16 emulsion) and a large influence
on the oil droplet surface when the oil is liquid (C12 emulsion). Freezing of the
oil droplets in liquid water leads to a distortion of the spherical droplet surface
(C16 emulsion), whereas freezing of dodecane oil droplets in ice reduces the
distortion that resulted from the freezing of the water matrix (C12 emulsion).

volume [251,252] and is observed to lead to a decrease of the r−/r+ ratio from
1.51 ± 0.05 at −15 ○C to 1.11 ± 0.02 at −18 ○C, which indicates that the surface
deformation that was induced by the freezing of the water matrix gets somewhat
reduced when the oil freezes. The bottom illustration of Fig. 9.9 illustrates this
scenario. The d+/r+ ratio decreases from 1.18 ± 0.05 at −15 ○C to 0.93 ± 0.03
at −18 ○C. This observation tentatively shows that the freezing of the oil leads
to an increased ordering of the dodecane alkyl chains, thereby decreasing the
number of gauche defects and thus the d+/r+ ratio. A further decrease of the
temperature again increases both the d+/r+ ratio and the r−/r+ ratio. This ob-
servation indicates that the surface of the oil particle becomes more distorted at
lower temperatures. As in the case of the C16 emulsion, this effect is probably
caused by the hardening of the ice matrix with decreasing temperature.

In the temperature range where the oil droplets are frozen the r−/r+ ratio is
larger for the C12 emulsion than for the C16 emulsion. This finding indicates that
the frozen dodecane droplets are stronger deformed than the frozen hexadecane
particles.
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9.4 Freezing effects of oil-in-water emulsions

9.4 Conclusions

We studied the molecular interfacial properties of hexadecane and dodecane oil
droplets in aqueous emulsions with sum-frequency scattering spectroscopy in
the temperature range from 24 to −48 ○C temperatures including the water–
ice and liquid–solid oil transitions. The SF scattering spectra show vibrational
bands corresponding to the symmetric CH2 vibration (d+), the antisymmetric
CH2 vibration (d−), the symmetric CH3 vibration (r+) and its Fermi resonance
(r+FR), and the antisymmetric CH3 vibration (r−). The d+/r+ and the r−/r+ am-
plitude ratios provide information on the conformation of the alkane molecules
and the shape of the oil droplets. Both oil and water freezing lead to a distortion
of the spherical-symmetry of the droplets and a modification of the polariza-
tion dependencies, which in turn affects the d+/r+ and r−/r+ ratios. Whereas
the freezing of hexadecane oil droplets in liquid water leads to changes in the
oil surface, the subsequent freezing of the water phase has little effect on the
oil surface, probably because the amorphous liquid-like ice layer at the ice–oil
interface is soft in comparison with the surface of already frozen oil droplets.
Freezing of the water matrix is observed to lead to a strong distortion of the
surface of the oil droplets in case the oil is liquid (dodecane). Freezing of liquid
dodecane oil droplets within an ice matrix reduces the distortion that resulted
from freezing of the water matrix. Further decreasing the temperature for solid
oil particles embedded in ice leads to a further distortion of the oil surface, prob-
ably because the ice matrix hardens at lower temperatures, thereby imposing a
stronger deformation of the solid oil particle.
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