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Abstract: Since the seminal work of Pickering and Ramsden more than a century ago, adsorption of solid micro-
and nanoparticles at the interface between two fluids has been recognized as a means to enormously improve
emulsion stability against coalescence. Despite their long-standing use in a vast range of practical applications,
several key issues regarding the behavior of small objects at liquid interfaces still remain unresolved. In particular,
current techniques fail to investigate the properties of individual particles smaller than 500 nm. An exception
to this scenario is a technique that we have recently developed, based on freeze-fracture cryo-SEM, which for
the first time makes it possible to measure the wetting properties of single nanoscale objects through a metal
shadow-casting protocol. In this work we present additional details and results which showcase the potential of
this novel tool as the benchmark for in situ characterization of particles at interfaces.
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Introduction

Micro- and nanoparticles adsorbed
at the interface between two liquids find
multiple uses in a large host of practical
applications. Investigating their properties
in situ at the interface is therefore highly
relevant in order to control and direct their
employment. In this article, we present
additional details of a technique that we
have recently developed[1] to measure the
wetting properties of micro- and nanoscale
objects in situ at a liquid–liquid interface.
Our approach offers superior resolution,
capabilities and flexibility compared to
other state-of-the-art methods.

Liquid (oil–water) interfaces play a
paramount role in naturally occurring ma-
terials and are of key importance in a vast
range of industrial products. Often they are
found in the form of emulsions, droplets of
one liquid dispersed in a second immisci-
ble liquid, which are commonly employed

in many consumer products, including
drugs, food stuff, cosmetics and chemi-
cals. Emulsions are thermodynamically
unstable against coalescence; by merging,
two droplets reduce the surface-to-volume
ratio of the system, thus reducing the in-
terfacial free energy. This has the practi-
cal consequence that, if left undisturbed,
emulsions phase-separate into the two pure
constituents to minimize the interfacial
area. Despite this, the emulsions that we
meet in our everyday life, e.g. hand creams
or mayonnaise, are frequently long-lived.
This stability, unexpected from purely
thermodynamic arguments, stems from the
fact that those are not simple emulsions;
the surface of the droplets is in fact typi-
cally coated by an interfacial film of sur-
face-active molecules or solid particles.[2,3]
In particular, solid particles are bound to a
liquid interface by the fact that by sitting
there, they remove interfacial area between
the two fluids and thus lower the system’s
free energy.[4] The corresponding trapping
energies can greatly exceed thermal energy
even for small particles, yielding virtually
irreversible binding.[5] In this case, if two
droplets are to coalesce, some particles
first need to be expelled from the inter-
face, which has a very high energy cost.
This implies that the system is trapped in a
metastable state and it is kinetically stabi-
lized against coalescence.

The parameter that mostly determines
the stability of solid particle adsorption at

a liquid interface is the three-phase contact
angle. The familiar concept of the macro-
scopic three-phase contact angle of a liquid
on a solid surface surrounded by a gas (or
another liquid) can be extended when the
solid material is shrunk to the dimensions
of a micro- or nanoparticle. In this case,
the particle is adsorbed at the interface and
its position relative to the interface itself is
determined by the balance of the interfa-
cial energies of all the phases, analogously
to the contact angle of a liquid onto a solid
surface.[6] The so-defined contact angle θ
determines which portion of the particle
is exposed to which liquid phase and also
the cross-section of the particle at the inter-
face. In particular, if the particle is mostly
in the oil phase, its contact angle defined
from the water is larger than 90º and the
particle is termed hydrophobic. If con-
versely the particle is mostly exposed to
the water, its contact angle is less than 90º
and it is said to be hydrophilic. Particles
equally exposed to both phases are neu-
trally wetting and have a contact angle of
90º. It is now commonly accepted that the
wettability of solid particles is responsible
for the type of emulsions that can be pre-
pared. Hydrophilic particles give in fact
oil-in-water emulsions, while hydrophobic
particles yield water-in-oil emulsions.[2]
As anticipated, the contact angle has a di-
rect effect on the stability of the emulsion.
In fact, the adsorption energy of a single
particle is given by ∆E = –πr2γ

0
(1–|cosθ|)2,
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copper plate and then the holder is closed.
Excess liquid is squeezed out when closing
and a thin liquid film (~100 µm) separates
the two sides. Depending on the particle
solubility, either the water or the oil phase
is placed in the cavity.

The ‘sandwich’ holder is then clamped
and frozen in a liquid propane jet freezer
(Bal-Tec/Leica JFD 030, Balzers/Vienna).
The cooling rate of 30000Ks–1 is sufficient-
ly high to avoid crystallization and vitrify
water upon freezing so to fix the position
of the particles at interface as they were in
liquid state.After freezing, the samples are
mounted onto a double fracture cryo-stage
under liquid nitrogen and transferred un-
der inert gas in a cryo-high vacuum airlock
(<5×10–7mbar Bal-Tec/Leica VCT010) to
a pre-cooled freeze-fracture device at –140
°C (Bal-Tec/Leica BAF060 device). The
samples are then fractured and partially
freeze-dried at –100 °C for 1–3 minutes to
remove deposited residual water condensa-
tion and ice crystals. This step is followed
by unidirectional tungsten deposition at an
elevation angle α = 30° (or 45°) to a total
thickness δ = 2–3 nm at –120 °C and by ad-
ditional 2 nm with a continuously varying
angle between 90° and 30° (45°). The first
metal deposition creates a shadow behind
each of the features protruding from the
frozen, fractured interface. The second de-
position is instead needed to avoid charg-
ing of the shadow during imaging, which
may compromise image stability at high
magnifications. Freeze-fractured and met-
al-coated samples are finally transferred
under high vacuum (<5×10–7mbar) at –120
°C to a pre-cooled (–120 °C) cryo-SEM
(Zeiss Gemini 1530, Oberkochen) for im-
aging either with an in-lens or secondary
electron detector.

The outcome of such a preparation pro-
tocol is a sample where both the in-plane
interface microstructure and the vertical
position of each particle relative to the
interface can be measured. Such three-di-
mensional imaging capability stems from
the following principle. In a sundial, an
object of known height casts a shadow of
well-defined length, from which the angle
of the sun on the horizon and thus the time
can be calculated. Similarly, FreSCa cryo-
SEM works as an ‘inverse’ sundial, where
by knowing the shadowing angle and mea-
suring the shadow length one can calculate
the height of the object casting the shadow.
For a spherical particle of radius r, this is
directly connected to the contact angle θ
= cos–1(|h–r|/r), where h is precisely the
protrusion height of the particle from the
frozen interface responsible for the shad-
ow casting. The accuracy in measuring the
contact angle is then directly related to the
resolution of the cryo-SEM images from
which r and h can be extracted. This im-
proved resolution compared to the other

where r is the particle radius and γ
0
is the

interfacial tension between the two pure
liquids.[4] Such trapping energy can be of
the order of several thousand kT even for
small objects (r ~10 nm), if they are neu-
trally wetting.[5] For particles with more
marked hydrophilic or hydrophobic char-
acters, the adsorption energy decays rapid-
ly and can become comparable to thermal
energy, leading to reversible adsorption
with important consequences on material
fabrication.[7]

The contact angle θ has also conse-
quences on howparticles interact at a liquid
interface.[8] In particular, it has been shown
that charged particles interact as electro-
static dipoles at oil–water interfaces.[4]
Even though the detailed origin of such
dipolar interactions is still under debate,[9]
they depend strongly on the contact angle,
i.e. to vanish compared to capillary interac-
tions for hydrophilic particles, which are
found to aggregate at the interface.[10]

Colloidal particles can also be used as
probes to measure the rheological proper-
ties of surrounding fluids (microrheology).
In such technique the thermally driven mo-
tion of a colloidal particle is connected to
the complex modulus of the surrounding
fluid by applying a generalized Stokes-
Einstein (mobility-diffusion) relation.[11]
This method is now well established for
bulk systems but it can also be extended to
liquid interfaces.[12] Compared to standard
interfacial rheological tools, using small
tracer particles allows minimization of the
contributions coming from shearing the
surrounding liquid phases. This fact maxi-
mizes the contribution from the interface
viscoelasticity and thus offers higher sensi-
tivity in relation to larger probes. Knowing
the contact angle of the tracers is therefore
crucial since the drag coefficient is a direct
function of θ.[13] Additionally, using small
probes also offers the possibility to inves-
tigate the structure of interfacial layers at
the microscale and highlight features such
as structural heterogeneity[14] and presence
of alignment.[15]

Given the importance of single-particle
contact angles, a host of different tech-
niques have been developed to measure
θ of solid particles at liquid interfaces, as
reviewed in ref. [1]. Despite the significant
advances made in the past two decades,
the limiting factor for the available tech-
niques is the impossibility to measure con-
tact angles of individual particles on the
nanoscale. In other words, contact angles
of individual objects can be directly mea-
sured only if the particles are larger than
500 nm or only average measurements are
available for smaller particles. An excep-
tion to this scenario is a method that we
have recently developed where, by means
of freeze-fracture and cryo-SEM, we
demonstrated the measurement of contact

angles of individual particles as small as
10 nm in diameter at alkane oils–water
interfaces.[1] Such resolution opens up
possibilities to investigate objects of true
nanotechnological interest, e.g. function-
alized nanoparticles for cellular uptake or
targeted drug-delivery, where the wetting
properties are crucial to cross cell walls.[16]

Sample preparation using freeze-frac-
ture consists of ultra-rapid freezing of liq-
uid samples, which are subsequently frac-
tured to expose the internal structure. The
technique was originally developed to im-
age biological specimens, where avoiding
water crystallization is crucial to preserve
structural information. In particular, it was
employed to investigate protein and lipid
nanostructures on cell membranes[17] and it
has now become the standard technique to
characterize lipid–water interfaces of iso-
lated systems[18] or within cells.[19] Recent
developments of the technique now see it
applied to study other soft systems, includ-
ing drugs,[20] elusive phase diagrams of oil/
water/surfactant systems,[21] direct investi-
gation of liposome formation in microflu-
idic devices[22] and nanoscale surface wet-
ting.[23] Freeze-fracture is also frequently
employed to study emulsions, with the aim
to expose the surface of droplets and study
the arrangement of adsorbed particles.[24,25]

In the next section we will discuss
some features of our freeze-fracture, shad-
ow-casting (FreSCa) cryo-SEM method,
adding some details compared to the first
publication.[1] In the results section new
data are presented, with the focus on addi-
tional aspects which highlight the flexibil-
ity of the method. Finally, the possibilities
of further expanding this method to new
systems are discussed in the conclusions.

Method: Freeze-fracture, Shadow-
casting (FreSCa) Cryo-SEM

FreSca cryo-SEM experiments are car-
ried in custom-built copper holders which
‘sandwich’ a particle-laden, planar oil–wa-
ter interface. Prior to use, the copper hold-
ers are cleaned by ultrasonication in 95%
sulphuric acid and subsequently in ethanol
for several minutes. Their inner surface is
mechanically roughened (scratchingwith a
blade) and the side to be contactedwithwa-
ter is exposed to a negative glow discharge
(Emitech K100X, Quorum Technologies
Ltd, UK) for 1 minute to render the surface
hydrophilic and thus promote adhesion
during freezing and fracture. One side of
the holder has a 200 µm deep cavity which
is precisely filled with 0.5 µL of the par-
ticle suspension, the other side is flat and
is used as a lid to close the container. The
second liquid (3.0 µL) is either carefully
placed on the water surface to create the
liquid–liquid interface or placed on the flat
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is observed. The change in wettability has
direct consequences if, for instance, the
particles are used as tracers for microrhe-
ology measurements[12] where it may also
affect the interactions between the probe
particle and the surrounding interface, e.g.
protein or nanoparticle films.

Fig. 3 demonstrates additional features
and capabilities of FreSCa cryo-SEM.
Starting from Fig. 3a, a high magnifica-
tion image of 90 nm amidine (Invitrogen/
Interfacial Dynamics) latex particles im-
mobilized at a water–n-decane interface
shows that a clear shadow is visible be-
hind each of the particles, correspond-
ing to an average contact angle of <θ> =
124.3°±9.5°. This demonstrates the ca-
pability of the method to access length
scales previously unreachable in terms of
single-particle contact angles. In our pre-
vious publication we demonstrated that

available methods is the key factor in the
superior performance of our technique.

From simple geometrical consider-
ations, an object with a slope lower than
the shadowing angle cannot cast any
shadow outside of its base perimeter. This
sets the lower limit for direct contact angle
measurement using FreSCa cryo-SEM to
θ = α.As discussed in our previous publi-
cation,[1] shallower deposition angles pro-
duce longer shadows and thus smaller rel-
ative errors in measuring θ. The standard
angle now used for depositions is 30° and
thus particles with a marked hydrophilic
character can be measured. Practically, the
limit is set when both the particle diameter
at the interface and the shadow length fall
below 5 pixels; depending on the particle
size and the magnification used, this sets
the minimummeasurable contact angles.[1]
Measuring θ for hydrophobic particles
is simpler, given that the diameter of the
particle is exposed and thus directly mea-
surable, while for hydrophilic particles
it needs to be inferred from the shadow
length and particle cross-section at the in-
terface, assuming spherical curvature (see
Fig. 1a,b). Contact angles of hydrophilic
particles with θ ≤ α can also be measured
by measuring the particle cross-section at
the interface. Once more assuming hard,
spherical particles, θ can simply be ob-
tained from θ = sin–1(r

i
/r), where r

i
is the

particle radius at the interface (see Fig. 1c).
It is worth noting here that in this case the
value of r cannot be directly measured for
each individual particle; an average parti-
cle radius, measured by another technique,
is therefore assumed for all the particles
and thus only an average contact angle
can be measured, losing the single-particle
resolution, similar to the work ofArnaudov
et al.[26]

In this case the error on contact angle
measurements ∆θ is calculated as follows:

∆𝜃𝜃 = 1𝑟𝑟 1− 𝑟𝑟 𝑟𝑟 ∆𝑟𝑟 + 11− 𝑟𝑟 𝑟𝑟 𝑟𝑟𝑟𝑟 ∆𝑟𝑟,
where ∆r

i
= ±1 pixel reflects the accuracy

in measuring the particle size at the inter-
face and ∆r comes from particle polydis-
persity. The combination of θ measure-
ment approaches reported here and in ref.
[1] allows the coverage of the full range of
contact angles. A few examples, as well as
additional considerations on the methodol-
ogy are described in the next section.

Results

The capability of the method to mea-
sure both hydrophilic and hydrophobic
particles is exemplified in Fig. 2. The
cryo-SEM images show 2.5 µm diameter

polystyrene latex microspheres (micropar-
ticles GmbH) at the water/n-decane inter-
face after FreSCa with a shadowing angle
α = 45°. The top particles spontaneously
adsorbed from the water phase while the
ones at the bottom have been spread at the
interface using a 4:6 water/isopropyl alco-
hol mixture. Using an alcohol to promote
the formation of a well-controlled particle
monolayer at the interface is a commonly
used practice[27] but it is evident from the
data in Fig. 2 that this has a strong im-
pact on the particle wettability, as previ-
ously reported also by other methods.[28] In
fact, the presence of the isopropyl alcohol
makes the particles more hydrophobic with
clear shadows visible behind each of them.
In the absence of a spreading solvent the
particles are hydrophilic with a contact
angle below a value for which no clear
shadow (or a shadow shorter than 5 pixels)

Fig. 1. Schematics
of the three pos-
sible configurations
of a spherical par-
ticle embedded in
ice after FreSCa. a)
Hydrophobic particle,
θ > α; b) Hydrophilic
particle, θ > α; c)
Hydrophilic particle,
θ ≤ α. The portion of
the particle protrud-
ing from the ice was
initially exposed to
the oil phase. For
contact angles larger
that the deposition
angle a shadow is
cast and can be used
to measure directly
both the size and the
protrusion height of
the particle, and thus
its individual contact
angle. For contact
angles smaller than
the deposition angle,
no shadow is cast
and only the particle
size at the interface
can be measured; an
additional assumption
on the particle size is
made and thus only
average contact an-
gles can be extracted
for all particles.
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this boundary can be pushed to particles
as small as 10 nm in diameter.[1] Fig. 3b
shows that FreSCa cryo-SEM can also
be used to examine the microstructure of
the interface over large areas and thus to
characterize the interactions between par-
ticles at the interface. Here we observe a
well-defined nearest neighbor distance be-
tween the 200 nm amidine latex particles
(Invitrogen/Interfacial Dynamics) at the
water–n-decane interface driven by dipo-
lar electrostatic interactions[4] and which
prevents most particles from aggregating.
Large-area in situ inspection is also im-
portant to examine interfacial particle as-
semblies for surface templating.[29] FreSCa
cryo-SEM can furthermore be applied to
non-planar surfaces, e.g. the surfaces of
particle-stabilized emulsion droplets. In
conventional freeze-fracture cryo-SEM
images of emulsions it is frequently dif-
ficult to distinguish between convex and
concave surfaces and thus determine clear-
ly if the observed particles are viewed from
the oil or the water phase.[25] Fig. 3c shows
the concave surface of an n-decane droplet
in water after the oil has been removed by
the fracture. The curvature of the surface
is clearly determined by the fact that the
top part is not coated by the tungsten film,
due to shadowing from the cavity walls.
Effects of surface modifications can also

be directly observed in a single image, as
for instance highlighted in Fig. 3d. Here
positively charged and hydrophobic 500
nm amidine latex particles (Invitrogen/
Interfacial Dynamics) are covered by dif-
ferent amounts of negatively charged, hy-
drophilic 20 nm citrate gold nanoparticles
(BBI International). Different degrees of
surface coverage have an impact on the
wettability of the large particles, with
higher coverage yielding lower contact
angles. Large, and hydrophobic enough,
particles also leave clearly visible hollow
prints in the frozen oil after freeze-frac-
ture, as seen in Fig. 3e. This raises a point
which has been frequently at the centre
of discussion when presenting data from
FreSCa cryo-SEM. All the displayed im-
ages always show particles embedded in
the vitrified water, even for hydrophobic
particles, which should at first thought stay
embedded in the oil phase. This is more
clearly exemplified in Fig. 3f. Here hydro-
phobic 200 nm amidine latex particles at
a planar water–n-decane interface (<θ> =
102.4°±3.8°) are exposed and imaged af-
ter FreSCa cryo-SEM. Despite the hydro-
phobic character most of the particles stay
embedded in the ice after fracture, but we
observe that the central particle is ripped
out during fracture, leaving a hollow print
in the ice.

This phenomenon occurs more clearly
and more frequently with larger and even
more hydrophobic particles. Fig. 4a in fact
shows highly hydrophobic PMMA parti-
cles (2.8µmdiameter, <θ>=129.8°±11.8°)

still embedded in n-decane after fracture.
Similarly, in Fig. 4b, other PMMA mic-
roparticles are imaged in a region where
the fracture did not happen right at the in-
terfacial plane, but a thin layer of frozen
oil was left where some of the particles are
tightly embedded. On the left side of the
image, the water surface is visible and hol-
low prints are present where particles have
been removed during fracture. The par-
ticles at the edge of the frozen oil and yet
anchored to the ice show long shadows, i.e.
hydrophobic character. This effect is even
more evident in Fig. 4c, where another re-
gion of the same sample in Fig. 4a is visu-
alized. Here most of the particles stayed
on the oil side during fracture, leaving
hollow prints in the ice, but a few of them
were instead sufficiently strongly bound
to the ice to be left on the water side and
be used for contact angle measurements.
We hypothesize that such strong binding,
even for highly hydrophobic particles is a
direct consequence of the unique expan-
sion of water during freezing. The propane
jet freezer is fast enough to prevent water
crystallization and thus the corresponding
volume changes. Nonetheless, if any struc-
tural changes (not observable under the
SEM) take place in the water during freez-
ing, these will have the consequence of ex-
panding the water around the particle and
thus ‘grabbing it’ or blocking into place.
On the other hand, oils have a standard
freezing behavior and shrink when solidi-
fying. This implies that during freezing
they can slightly retract from the particles

Fig. 2. FreSCa cryo-SEM images of 2.5 µm
polystyrene latex spheres at the water–n-
decane interface and shadowing angle α =
45°. The particles in a) are hydrophilic, with
a shadow below the 5 pixel limit. An average
contact angle is obtained by using the pro-
cedure in Fig. 1c (<θ> = 54±3°). The particles
in b) have been assembled adding isopropyl
alcohol, often used as a spreading solvent in
experiments. Alcohol addition clearly renders
the particles more hydrophobic and distinct
shadows are visible (<θ > = 106±6°).

Fig. 3. Examples of FreSCa cryo-SEM images. a) 90 nm amidine latex particles assembled at a
planar water–n-decane interface. Shadows from individual particles are clearly visible, underlining
the superior resolution of the method compared to other tools. b) 200 nm amidine latex particles
assembled at a planar water–n-decane interface. Only limited aggregation is observed and long-
ranged electrostatic dipolar interactions maintain large separation among the particles. c) Surface
of an n-decane in water droplet after fracture and removal of the oil phase. The 200 nm amidine
latex particles stay trapped at the interface. The upper part of the concave surface is not coated
by tungsten due to shadowing from the walls and the latex particles show a regular arrangement
due to electrostatic repulsion. d) 500 nm amidine latex particles coated by 20 nm citrate gold
nanoparticles at a planar water–n-decane interface. The gold nanoparticles are hydrophilic and
higher surface coatings change the wetting character of the larger latex particles. e) Hollow prints
left by 500 nm amidine latex particles in frozen n-decane after freeze-fracture. f) Hydrophobic
particles are occasionally ripped out of the ice during the fracture, as demonstrated here for a
200 nm amidine latex particle at the water–n-decane interface.
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and ‘let go’, making it possible even for
hydrophobic objects to stay on the water
side after fracture. This is also confirmed
by the fact for less hydrophobic particles,
such as the 2.8 µm diameter polystyrene
particles (microparticles GmbH) at a wa-
ter–n-decane interface in Fig. 4d (<θ> =
85.0°±5.2°), debris of frozen oil can be left
around the particle contour after fracture.
Adhesion of sub-micrometer hydrophobic
particles to the oil seems to be much less
pronounced[30] due to the fact that small
volume changes in the frozen oil have
much larger consequences on the forces
applied to small objects which are more
effectively trapped in the vitrified water
(see Fig. 3f).

Conclusions

This article describes additional de-
tails of a recently published methodology
to measure directly and in situ the contact
angles of individual micro and nanopar-
ticles at planar liquid–liquid interfaces.[1]
The method is based on freeze-fracture,
shadow-casting (FreSCa) cryo-SEM and
offers superior resolution compared to
other state-of-the-art techniques, making
it possible for the first time to measure the
contact angles of particles as small as 10
nm in diameter. In addition to the resolu-
tion, the flexibility of the technique has
a large impact in tackling problems pre-
viously not accessible. The fact that par-
ticles are immobilized at the interface by
ultra-rapid freezing offers the possibility
to study the effect of changing the envi-

ronmental conditions with extreme ease.
For instance, studies on pH and/or ionic
strength changes, previously impossible
using gelling of the water phase,[31] are
now easily achieved and their effect on pH
responsive systems can be investigated.[32]
Furthermore, the effect of surfactant addi-
tion has also been successfully examined,
elucidating open issues on emulsion stabi-
lization inmicrofluidics.[30]The high speed
of the freezing makes it also possible to
study temperature-responsive systems for
which the temperature response is slower
that the freezing. A high time resolution in
the sample preparation lends additionally
itself to the study of the temporal evolution
of particle contact angles, which, as shown
for single microparticles, can present ag-
ing due to contact line pinning and surface
heterogeneity.[33] Eliminating the necessity
of spreading solvents allows investigation
of the properties of native particles used
as probes to study the structure[15] or the
visco-elasticity of interfaces.[12] Finally,
different types of non-polar solvents can
be used going towards accurate measure-
ments of interfacial energies.

In conclusion, the capabilities of
FreSCa cryo-SEM described in this article
underline its central role as a tool to shed
light on many currently open questions
in the field of micro and nanoparticles at
liquid interfaces, where results in the near
future will have a large impact both on
fundamental issues and technological ap-
plications.
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Fig. 4. a) Hydrophobic PMMA microparticles embedded in n-decane after freeze fracture. b)
Another image of hydrophobic PMMA particles (with rough surfaces) where some of them are
embedded in frozen n-decane after fracture (right side of the images). On the left side of the im-
age hollow, shallow prints left by the particles on the ice surface are visible. c) Most of the hydro-
phobic PMMA microparticles assembled at a water/n-decane interface are ripped out of the ice
during fracture, leaving visible hollow prints. Only a few were sufficiently strongly trapped to stay
on the water side for contact angle measurements. d) For less hydrophobic particles, such as the
polystyrene latex microparticles shown here at a water/n-decane interface, some residual frozen
oil can be trapped around the contact line during fracture (see debris around the particles’ con-
tour). This does not happen for smaller colloids.


