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ABSTRACT: Particle surface roughness and chemistry play a
pivotal role in the design of new particle-based materials.
Although the adsorption of rough particles has been studied in
the literature, desorption of such particles remains poorly
understood. In this work, we speciﬁcally focus on the
detachment of rough and chemically modiﬁed raspberry-like
microparticles from water/oil interfaces using colloidal-probe
atomic force microscopy. We observe diﬀerent contact-line
dynamics occurring upon particle detachment (pinning vs sliding), depending on both the particle roughness and surface
modiﬁcation. In general, surface roughness leads to a reduction of the desorption force of hydrophobic particles into the oil and
provides a multitude of pinning points that can be accessed by applying diﬀerent loads. Our results hence suggest future
strategies for stabilization and destabilization of Pickering emulsions and foams.

■

INTRODUCTION

with the depinning of the contact line from the surface
corrugations.
The same principles applied to macroscopic surfaces are
implicitly translated to solid particles trapped at a liquid−ﬂuid
(e.g., water/air or water/oil) interface.13,14 In this case, the
contact angle determines the particle’s adhesion energy and its
relative position with respect to the interface. Contact-line
pinning was also observed to impart a very large contact angle
hysteresis at the single-particle level,15 which can be exploited
to devise design rules for particle-based emulsiﬁers.15−18
Depending on the size and nature of the particle surface
heterogeneities, pinning and depinning of the contact line may
or may not be thermally activated. In the former case, for
nanometric chemical “defects,” both slow relaxation of the
contact line upon adsorption19,20 and an increased viscous drag
at the interface21 have been reported. Conversely, surface
asperities in the tens-of-nanometer range or above, even with
uniform surface chemistry, lead to adsorbing particles that are
trapped into very long-lived metastable states. This phenomenon originates from the fact that the energy associated with
the dewetting of an individual asperity, required for contact line
motion, greatly exceeds the thermal energy.15 The absence of a
spontaneous contact-angle evolution presents interesting
possibilities to tune the wetting of rough particles after

Wetting is a phenomenon ubiquitous in nature and in industrial
applications, typically associated with the spreading of a liquid
onto a macroscopic solid surface. Young’s law1 describes the
mechanical equilibrium of the surface tensions acting on a
droplet, which deﬁnes its equilibrium shape and contact angle
θ. The latter quantity is directly connected to the adhesion
energy of the liquid onto the solid, where lower contact angles
indicate favorable wetting. When a liquid spreads on a
heterogeneous surface, for example, displaying surface roughness and/or chemical heterogeneity, contact angle hysteresis
may occur. The droplet shape goes through out-of-equilibrium
states originating from contact-line pinning at surface
heterogeneities. As a result, the measured contact angle diﬀers
upon spreading or retracting the droplet, thus exhibiting
distinct advancing and receding wetting angles,2 respectively.
Additionally, surface roughness alone is known to aﬀect
wetting, eﬀectively making hydrophilic surfaces more hydrophilic and hydrophobic ones more hydrophobic.3 If the solid
surface is modiﬁed in terms of both texture and surface
chemistry, a droplet can transition to the Cassie−Baxter4 (CB)
wetting regime, where a cushion of another ﬂuid prevents the
full contact between the droplet and the underlying surface. In
such a case, solid surfaces can become superhydrophobic5−7
and even superamphiphobic.8−10 Rational design principles for
a robust CB state have been studied both via experiments11 and
simulations,12 showing that the transition between the
suspended (CB) state to a fully wetting (Wenzel) state starts
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Figure 1. Schematic representations of the approach (a) and retraction (b) phases in a force measurement with colloidal-probe AFM at liquid−liquid
interfaces. In (b), the contact angle θ and the central angle α are highlighted. (c) Example of an AFM force−distance curve obtained for a colloidal
probe at a liquid−liquid interface. The dashed red line represents the approach of a smooth colloid to the liquid−liquid interface, whereas the blue
line describes the retraction part. The maximal load exerted on the interface during the approach is labeled as Fload. Fmax is the maximal adhesion force
between the colloidal probe and the interface. Dmax is the distance that corresponds to Fmax. D0 indicates the maximal detachment distance. (d) The
approach−retraction curves are repeated many times by changing the applied load using the shown force-ramp proﬁle. The green area corresponds
to an increase in the load, whereas in the second part (orange), Fload gradually decreases. (e−h) SEM micrographs of smooth and rough silica
colloidal probes used for the force−distance experiments. The images correspond to typical probes with ⟨H⟩/⟨d⟩ values of ≈0, 0.39, 0.43, and 0.79,
respectively. The scale bars correspond to 3 μm.

adsorption, and to devise very eﬀective emulsion-stabilization
strategies.15−18,22,23
In addition to aﬀecting particle adsorption, the tuning and
engineering of particle surface roughness also oﬀers new angles
to investigate the phenomenon of particle desorption from a
ﬂuid interface.24 Desorption bears fundamental and applied
relevance for many processes, including oil recovery, particle
recycling, and froth ﬂoatation.25,26 Nevertheless, in comparison
to studies dealing with adsorption, systematic investigations of
particle detachment phenomena are far less common.
For this reason, our study speciﬁcally focuses on the
detachment of rough and chemically modiﬁed microparticles
from liquid−liquid interfaces to shed light on the role of surface
roughness on particle dewetting. To achieve our goal, we
selected colloidal-probe atomic force microscopy (AFM) as the
most suitable experimental method.

Since its invention, colloidal-probe AFM has been used to
investigate the interactions between solid particles and a variety
of soft and deformable interfaces, such as air bubbles,27−32
water droplets,29−31,33 and water/oil interfaces.33−36 In
particular, this technique allows for the direct measurement
of the capillary force acting between a single particle and the
ﬂuid interface, both in advancing and in receding modes.
In mechanical equilibrium, spherical particles, which are
small (negligible gravity), smooth, and chemically homogeneous, do not deform the interface in the vertical direction. In
other words, the net capillary force at equilibrium is zero. By
pulling the particle upward or pushing it downward, the
interface deforms and a nonzero capillary force F arises.24
Because the system is axially symmetric, the net capillary force
F acting on the colloid has a vertical component only.
F = 2πRγ sin(α) sin(θ − α)
B
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where R is the particle radius, γ is the interfacial tension, θ is the
three-phase contact angle, and α is the central angle deﬁning
the position of the contact line on the particle surface.
In a typical experiment, such as the one sketched in Figure 1,
a colloidal particle is attached onto a tipless AFM cantilever and
brought into contact with the ﬂuid interface. In this way, the
interaction between the colloidal probe and the liquid interface
can be measured by monitoring the vertical deﬂection of the
cantilever. The latter is then translated into a force upon
calibration. As a result, we obtain the force experienced by the
probe as a function of its position, that is, a force−distance
curve, where the position is ﬁnely controlled by means of a
piezo actuator. Adsorption−desorption experiments repeated at
diﬀerent applied loads, that is, the maximum force with which
the colloid is pressed onto the interface, allow investigating its
eﬀect on the maximal adhesion force, and, at the same time,
ensure the robustness and reproducibility of the measurements.
During the approach, as soon as the colloid interacts with the
interface, it jumps into contact (assuming negligible repulsive
interactions) and the distance covered by the piezo to restore a
zero force is called the “jump-in distance.” If the cantilever
approaches a water surface, the jump-in distance can be used to
measure the advancing contact angle.27−29,32 Importantly, the
point of zero force upon approach may or may not coincide
with the particle equilibrium position, depending on the
particle surface properties (i.e., the contact angle hysteresis).36
The applied force is then increased to its maximum value Fload,
followed by retraction at the same rate. While the piezo retracts,
the absolute value of the detected force increases up to the
maximum adhesion force Fmax, until the particle snaps oﬀ
(detaches) and the force goes back to zero. Hereafter, we
exclusively focus on slow particle detachments from the
interface with a continuous vertical displacement. The experiments are therefore to be considered quasi-static and
displacement-controlled.36
There are two regimes of contact-line motion over the
particle surface during detachment. First, the contact line can
freely slide on the particle surface (sliding): the contact angle θ
remains constant during the detachment process and α varies
accordingly. Second, the contact line is ﬁxed (pinning): the
contact angle θ varies upon pulling, while the central angle α
remains constant. In the particular case of contact-line pinning
at a sharp edge, the contact angle can take a range of values
described by Gibbs’ inequality.37
For a displacement-controlled detachment, where the contact
line can smoothly slide on the particle surface, the maximum
value of the capillary force is achieved for α = (π + θ)/238,39
Fmax = 2πRγ cos2

θ
2

ion beam (FIB), adsorbed at the air/water interface. Contactline pinning was always observed at the FIB cut, which was
reached upon jump-in, and the adhesion force for the FIB-cut
colloids diﬀered from the value measured for regular particles
with the same surface chemistry. In a complementary set of
measurements, Anachkov and co-authors 36 carried out
retraction experiments using smooth silica spheres with various
surface chemistries at both air/water and oil/water interfaces.
They demonstrated that the detachment proceeded via sliding
of the contact line, and the force−distance curve could be
described with only one input parameter, for example, Fmax or
D0. If the contact line slides, the detachment is a gradual
process, with a smooth decrease of F beyond Fmax until D0 is
reached (see the example shown in Figure 1c). As a
consequence, D0 and Dmax do not coincide. Conversely, for
contact-line pinning, the detachment is very abrupt, and the
values of D0 and Dmax practically coincide.
In this work, we explore further the interplay between
particle detachment and surface properties, with the aim to
achieve a deeper understanding of the diﬀerent contact-line
dynamics occurring upon particle detachment. The article is
structured as follows. We ﬁrst introduce the synthetic approach
for the fabrication of rough particles, later used as AFM
colloidal probes, as well as the methods applied to characterize
their roughness. We then explain how the diﬀerent surface
functionalizations combined with the particle roughness aﬀect
the wetting of micron-sized colloids. In particular, we focus on
the characteristic diﬀerences in the detachment behavior
dictated by the regimes of contact-line motion: sliding versus
pinning. In conclusion, we discuss the technological implications linked to the two possible detachment scenarios.

■

EXPERIMENTAL SECTION

Materials. Rough all-silica microparticles were fabricated as
reported elsewhere15,41 and as brieﬂy described below. As smooth
particles, we used monodisperse silica spheres with diameters of 6.27
± 0.23 μm (microParticles GmbH, Germany). To obtain an AFM
colloidal probe, both smooth and rough particles were immobilized on
tipless cantilevers; see details below. To explore diﬀerent degrees of
hydrophobicity, the particles’ surface chemistry was modiﬁed. In
particular, we hydrophobized the colloidal probes using 1H,1H,2H,2Hperﬂuorooctyltriethoxysilane (98%, Sigma-Aldrich), octadecyltrichlorosilane (OTS, 95%, abcr GmbH), and α-bromo-isobutyryl bromide
(BrIn, 98%, Aldrich). The interface was created using Milli-Q water
and n-hexadecane (>99%, Sigma-Aldrich). The latter was puriﬁed from
surface-active contaminants using a combination of alumina (MP
EcoChrome Alumina B, Activity: Super I; MP Biomedicals) and silica
(60 Å pores, 70−230 mesh, Fluka) columns. The equilibrium
interfacial tension of the puriﬁed alkane against water was measured
at room temperature by the pendant drop method (DSA100, KRÜ SS
GmbH) and had a value of 53.0 ± 0.5 mN/m. Ethanol (≥99.8%,
Fluka) was used for rinsing the AFM cantilevers and the silicon wafers
that were used as ﬂat references.
Additional surface modiﬁcations were carried out using poly(2,3,4,5,6-pentaﬂuorostyrene) (PPFS, Aldrich, 99%), ethyl-α-bromoisobutyrate (EBiB, Aldrich, 98%), copper(II) bromide (Aldrich,
99.999%), tin(II) 2-ethylhexanoate (Aldrich, 95%), α,α,α-triﬂuorotoluene (Sigma-Aldrich, ≥99%), tetrahydrofurane (Acros Organics,
99.99%), N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDTA,
Aldrich, 99%), N,N-dimethylformamide (DMF, Aldrich, 99.8%), and
anhydrous decalin (decahydronaphthalene ≥ 99%, mix cis + trans,
anhydrous, Sigma-Aldrich).
Fabrication of All-Silica Rough Colloidal Probes. To fabricate
model rough all-silica particles, we followed a synthesis strategy
proposed in previous works.15,41 This approach is based on the
electrostatically driven heteroaggregation42−45 of smaller silica particles

(2)

Here, the distance travelled by the colloid’s center of mass
corresponding to Fmax is labeled as Dmax (see Figure 1). In
analogy to the maximum detachment force, a maximum
detachment distance D0 can also be deﬁned. In a conventional
displacement-controlled experiment, D0 is the maximal detachment distance, that is, the distance covered by the particle
center of mass from the equilibrium position (point of zero
force) to the point of particle detachment (see Figure 1). Upon
further retraction beyond Dmax, the measured force decreases
(in absolute value), albeit in a diﬀerent fashion depending on
the contact-line motion modality. As an example of a system
exhibiting contact-line pinning, Ally and co-workers40 measured
how a colloidal probe with a sharp cut, sculpted with a focused
C
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(“berries”) onto larger silica colloids (“cores”), followed by surface
roughness tailoring via heterogeneous nucleation of silica layers.46
In a typical procedure, 20 mg of 6.27 μm silica core particles were
positively modiﬁed in 6 mL of 6.6 wt % aqueous solution of
polydiallyldimethylammonium chloride (400−500 kDa, 20 wt %,
Sigma-Aldrich), washed several times to remove the excess of unbound
polyelectrolyte, and then decorated with 72 nm silica particles (72 ±
6 nm, Klebosol, Clariant) or with homemade silica particles with an
average hydrodynamic diameter of 250 nm (polydisperse) or 960 nm
(960 ± 36 nm) for at least 30 min under vigorous stirring. The
suspensions were then washed several times to remove the excess of
unadsorbed berries. The number of injected berries was estimated by
assuming that they form a closely packed monolayer onto the
geometrical equivalent of the cores’ surface area. In this way, the
smaller colloids were always in excess, so as to guarantee a more
uniform surface coverage. When 960 nm berries were used, after their
adsorption, 39 nm silica particles (39 ± 4 nm, Klebosol, Clariant) were
also added to the suspension. The second population of berries can
adsorb both on the primary (960 nm) asperities, forming a hierarchical
structure, and into the available interstitial positions between the larger
bumps, ﬁlling the gaps between them. This extra step is necessary to
increase the overall surface area of the particles and therefore to ensure
enhanced uniformity during the growth of the smoothing layer. The
so-produced particles are termed native raspberry-like particles. To
tune their surface roughness, a layer of silica was heteronucleated on
the colloids’ surface by means of a modiﬁed Stöber process.46 In a
typical reaction, 5 vol % tetraethyl orthosilicate (TEOS) solution in
EtOH was dropped in a mixture of EtOH/NH4OH/H2O (77:13:10
vol %, 9.66 mL) containing 10 mg of native raspberry-like particles.
The injected volumes of TEOS solution are reported in the
Supporting Information (see Table S1). The selected injection rate
was 0.1−0.3 mL/h. To suppress the formation of clusters during the
smoothening process, the reaction was carried out under continuous
ultrasonication. The smoothened rough colloids were then washed to
remove possible nanoparticles formed by undesired homonucleation
and then dried on a clean silicon wafer to be used as AFM colloidal
probes.
Surface Roughness Characterization. The surface roughness of
the produced raspberry-like particles was measured by scanning
individual particles within a dried monolayer with an AFM (JPK
NanoWizard 3, JPK). To make it possible, the rough particles were
immobilized on a hydrophilized glass coverslip, following the
preparation of a colloidal monolayer by convective assembly.47 The
AFM scans were performed with silicon nitride cantilevers (OMCLAC160TS-OLYMPUS Micro Cantilevers, Japan) having a nominal
spring constant of around 40 N/m and a resonance frequency of
around 300 kHz in air under ambient conditions.
To decouple the topographical signal of interest (due to the berries)
from the underlying particle curvature (due to the core), a customcoded algorithm based on a least-squares approach was used.15 The
obtained background-free rough surface was then analyzed to extract
the desired topographical information. In particular, the average
asperity height ⟨H⟩ and the average asperity-to-asperity distance ⟨d⟩
were calculated. To extract ⟨d⟩, the asperities’ centers of mass were
detected, and then, the peak-to-peak distances were calculated using a
Delaunay triangulation. In the case of the roughest particles (Figure
1h), scanning electron microscopy (SEM) image analysis was also
used to give an estimate of ⟨H⟩ and ⟨d⟩. Because the distances
obtained from the SEM micrographs are not curvature-free, only
asperities close to the top of the colloid were considered to minimize
the errors. Furthermore, in this case, ⟨H⟩ was assumed to coincide
with the size of the “berries” measured in the SEM.
The particles were classiﬁed based on the values of the
dimensionless roughness parameter ⟨H⟩/⟨d⟩. This ratio takes into
account both the number of asperities per unit length and their height,
and it is therefore related to the probability for contact-line pinning at
an asperity. The direct comparison between diﬀerent roughness classes
holds only if the shape of the asperities is consistent among those
classes. The qualitative impression that the roughness features consist
of spherical caps was proven by the quantitative three-dimensional

(3D) reconstruction and analysis of individual asperities (Figure S1).
Given the spherical shape of the roughness features, it is possible to
apply both the estimate provided by Zanini and co-workers15 for the
energy for dewetting of an individual asperity and the approach used
by Ye and co-authors48 to describe the impalement of a rough colloid;
see the details in the Results and Discussion section. The classical
description of the surface topography via root-mean-square (rms)
roughness is reported in the Supporting Information (Figure S2).
Hydrophobization Procedure by Vapor Deposition. Some
colloidal probes were surface-modiﬁed by silanization using vapor
deposition of 1H,1H,2H,2H-perﬂuorooctyltriethoxysilane (hereafter,
ﬂuorosilane) and OTS. The silica surface of the colloidal probes, glued
on the cantilevers, was initially hydrophilized and activated in an
ultraviolet (UV)−ozone chamber (Boekel UV cleaner, model 135500,
Boekel Industries Inc.) for at least 10 min. In this way, a uniform layer
of silanol groups was created on the particles’ surface, enhancing the
homogeneity and eﬃciency of the subsequent silanization step. Next,
the samples were hydrophobized in the presence of silane vapors for at
least 90 min at room temperature. Smooth, ﬂat, silicon wafers with a
silica layer on top were modiﬁed at the same time using the same
procedure and were used as references.
Hydrophobization in Solution. Surface hydrophobization was
also carried out in solution. For the bromo-modiﬁed colloidal probes,
we adapted an existing protocol.15,49 The silica surface of the colloidal
probes, glued on the cantilevers, was activated in a UV−ozone
chamber for at least 10 min. Next, the particles were modiﬁed in the
presence of 3-aminopropyltriethoxysilane (APTES, 99%, Acros
Organics) vapors to introduce amino groups to the surface. The
APTES-modiﬁed colloidal probes were degassed with nitrogen
[N2(g)] for at least 10 min, immersed in dry dichloromethane
(20 mL), and then exposed to distilled trimethylamine (1.6 mL) and
BrIn (0.8 mL, 6.4 mM) at room temperature for 4 h. In this way, BrIn
could graft onto the aminosilane-coated surfaces, providing the desired
bromo-functionalization. The samples were then rinsed in fresh
dichloromethane and dried in air. Smooth, ﬂat, silicon wafers with a
silica layer on top were modiﬁed at the same time using the same
procedure and were used as references.
Additional measurements were carried out to investigate the role of
possible contact-line pinning coming from surface chemical heterogeneities. In this case, the silica colloids were hydrophobized in
solution by means of both OTS and poly(pentaﬂuorostyrene) brushes.
The so-modiﬁed colloids were exclusively used for interfacial
deformation studies. OTS was applied to the surface, as already
reported in the literature.15,50 Brieﬂy, silica particles (10 mg) were
dried overnight, redispersed in 5 mL of anhydrous decalin
(decahydronaphthalene, mix cis + trans, anhydrous, Sigma-Aldrich),
and modiﬁed at 25 °C in the presence of 30 μL of OTS for 4 h.
Puriﬁcation was carried out by several centrifugation/redispersion
steps in decalin and ethanol.
PPFS was grafted via surface-initiated atom transfer radical
polymerization51 using the particles modiﬁed with BrIn as follows:
4 mL of PPFS, 100 μL of PMDTA (0.5 M solution in DMF), 100 μL
of CuBr2 (0.1 M solution in DMF), and 0.15 μL of EBiB were added
to the particles (50 mg). The mixture was sonicated and purged with
Ar, followed by the injection of 300 μL of tin(II)-2-ethylhexanoate.
Polymerization was performed under continuous stirring at 80 °C in
an oil bath for 30 min. Subsequently, the particles with the grafted
polymer were washed several times in α,α,α-triﬂuorotoluene, then in
ethanol, and ﬁnally dried under vacuum at 25 °C. This procedure was
preferred to vapor modiﬁcation (see above) to achieve a uniform
surface modiﬁcation, so that we could study the adsorption of free
colloids, that is, not attached to a cantilever [see Gel-Trapping
Technique (GTT) section].
Colloidal-Probe AFM at Liquid−Liquid Interfaces. The
capillary force acting on a silica microparticle trapped at the nhexadecane/water interface was measured with an AFM (JPK
NanoWizard 3, JPK, Germany). The experiments were carried out
following procedures already reported in the literature.27,28,33,36
Individual colloids were attached to tipless cantilevers (spring constant
ranging from ∼28 to 70 N/m, All-In-One-Al-TL; BudgetSensors)
D
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and retracted, respectively, onto the sample surface at a ﬂow rate of
0.25 μL/s.
Gel-Trapping-Technique. A modiﬁed version of the GTT21,53
was used to characterize the interfacial deformations around isolated
OTS-coated and ﬂuorinated colloids.15 Here, we used the as-received
gellan gum (AppliChem) to produce a 2 wt % aqueous mixture that
was poured at 70 °C in clean Petri dishes, covered with hot nhexadecane, and allowed to equilibrate for a few minutes. The particles
of interest were previously dispersed in hot n-hexadecane, successively
injected in the oil phase, and allowed to sediment at the interface. The
samples were slowly cooled down to room temperature allowing for a
uniform interfacial gelation. Next, the nonpolar (oil) phase was
removed and substituted with UV-curable glue (Norland NOA63),
which was then polymerized and used as a high-ﬁdelity replica of the
interface.15
To analyze the interfacial deformations, isolated colloids were
imaged using AFM in tapping mode along two orthogonal directions.
Both the trace and retrace signals were used for the analysis of the
interfacial deformations. In this way, the same region of interest was
imaged four times. The AFM scans were corrected for thermal drift
and overlaid to enhance the signal-to-noise ratio. An edge-detection
code based on Canny54 and Sobel55 methods was written to identify
the three-phase contact line. For a more accurate detection, either the
phase or the error signals of the AFM were used. The coordinates of
the edge corresponded to the location of the contact line and served as
reference points for the 3D reconstruction of the interface around the
adsorbed colloids. To study the radial decay of the interfacial
deformations, we ﬁtted the height proﬁle at a ﬁxed polar angle φ with
the expression

using a micromanipulator and UV-curable glue (Norland Optical
Adhesive 61, Norland Products Inc.). Every colloidal probe was
imaged with SEM (LEO1530, Zeiss) before any further use. Prior to
SEM imaging, the colloids were not sputtered with any conductive
layer. As a result of the SEM imaging, the colloidal probes presenting
defects, for example, glue excesses, were detected and excluded. To
minimize the thermal drift of the cantilever during measurements, the
colloidal probes were fully immersed into n-hexadecane, and the laser
was turned on for at least 30 min before the experiments started.36
Once thermally equilibrated, the cantilevers were calibrated using the
thermal noise method.52 The optical detector sensitivity was
determined by taking a force curve on a rigid surface immersed in
n-hexadecane before each measurement set. All force measurements
were conducted in a homemade liquid cell,36 which consisted of a
truncated metal cone (1.5 mm height and 2 mm diameter of the
truncated upper part) glued on a Petri dish (25 mm in diameter).
Before each measurement, the cone was ﬁlled with fresh Milli-Q water
and then covered with n-hexadecane. In all experiments, the interface
was practically ﬂat, and no curvature eﬀects were considered. The
interface was then centered below the colloidal probe by means of an
optical microscope, and its vertical position was located by detecting
the engagement of the probe in the force-controlled mode with a
threshold value of 30 nN. The cantilever was then retracted by 15 μm
(the maximal extension of the piezo actuator), and the automatic
attachment−detachment cycles were initiated. Because the experiments were fully displacement-controlled, to increase (decrease) the
load, the cantilever was moved toward (away from) the interface.
Coarse adjustments were carried out with the stepper motors, whereas
the ﬁne-tuning was done by the piezo extension. For this reason, the
indentation speed varied between 2.8 and 3 μm/s (the indentation
time was set constant). All experiments were carried out at room
temperature (25 °C).
For each measurement, multiple attachment−detachment repetitions were recorded, in which the loading force was varied
systematically, resulting in a symmetric force-ramp proﬁle (Figure
1d). The loading force Fload is deﬁned as the maximum positive force
used to deform the interface. An accurate determination of Fmax from
the raw force−distance data can be diﬃcult at times because of
oscillations around the force minimum. To avoid this issue, the force−
distance curves were mathematically smoothed to remove spurious
oscillations, if any. In particular, the number of data points in each
curve (n) was divided by the actual length of the retraction curve (L)
in nm, and thus, we obtained the spatial resolution (n/L) of the
experiment. We then applied a moving-average (smoothing)
procedure, where the number of averaged data points corresponded
to the radius of the smallest asperity multiplied by the spatial
resolution n/L. In this way, any oscillations that appeared over
36 × n/L data points were averaged (neglected), hence removing highfrequency instrumental noise. Fmax was then deﬁned as the maximum
(in terms of absolute value) of the noise-free retraction forces. This
approach was used for all curves and all roughness classes. A second
smoothing procedure was later applied to construct a baseline, relative
to which the force oscillations were measured. In this case, the baseline
was calculated by averaging over every 960 × n/L data points, where
960 nm is the size of the biggest asperities. To avoid numerical artifacts
in the baseline detection, the second smoothing procedure was used
for all roughness classes.
Macroscopic Contact Angle Measurements. Static and
dynamic contact angle measurements of droplets on chemically
modiﬁed silicon wafers (mimicking the respective particle modiﬁcations) were performed by the sessile drop method using the dropshape analysis technique (DSA100, KRÜ SS, Germany). These
measurements served as a reference to validate the quality of the
surface modiﬁcation and to provide a macroscopic and well-established
standard. Milli-Q water or n-hexadecane (1−3 μL) was placed onto
the silicon wafers modiﬁed with the procedures described above. The
contact angles of the water droplets were determined on wafers
immersed in n-hexadecane. The contact angle measurements with the
n-hexadecane droplets were carried out in air. For advancing and
receding contact angle measurements, a 5 μL droplet was expanded

h(l) = A 0 + A 2 × (R c/l)2

(3)

In eq 3, Rc is the radius of the contact line, l is the radial distance
from the particle center of mass, and A0 and A2 are the ﬁtting
parameters. For l > Rc, A0 represents an oﬀset in the experimental
position of the interface, whereas A2 indicates the amplitude of the
quadrupolar deformation.56,57 The experimental data were weighted as
l to guarantee that the far-ﬁeld deformations were correctly captured
in the ﬁt.

■

RESULTS AND DISCUSSION
Roughness Characterization. As previously reported,15,41,58 the atomic force microscope is a precious
analytical tool to investigate the surface topography of
micron-sized particles. From the curvature-free height signal,
roughness parameters can be extracted. In particular, one can
locate the centers of the spherical asperities (crosses in Figure
2a) and measure their heights H (Figure 2b). From the
asperities’ positions, we calculated the distribution of the
nearest peak-to-peak distance d (Figure 2c). We then decided
to categorize our particles into roughness classes based on the
dimensionless roughness parameter ⟨H⟩/⟨d⟩, where ⟨H⟩ and
⟨d⟩ are the mean values of H and d, respectively. This ratio is
proportional to the number of asperities per unit length48 and is
also connected to the probability for a three-phase contact line
of length ⟨d⟩ to pin at a spherical asperity with height ⟨H⟩. The
rough particles that we produced in this study give rise to
⟨H⟩/⟨d⟩ values of 0.39 (RB_0.39), 0.43 (RB_0.43), and 0.79
(RB_0.79). Hereafter, the various roughness classes are
denoted as “RB_⟨H⟩/⟨d⟩.” Interestingly, RB_0.39 and
RB_0.43 are characterized by very similar ⟨H⟩/⟨d⟩ values,
although their rms roughness values are markedly diﬀerent (see
the Supporting Information section 2 and Figure S2). Smooth
particles have a value of ⟨H⟩/⟨d⟩ ≈ 0.
Surface Functionalization. To validate the consistency
and reproducibility of the chemical modiﬁcation procedures, we
compared the results obtained for smooth and ﬂat silicon
E
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compare the macroscopic contact angles of water droplets,
measured on the modiﬁed silicon wafers immersed in nhexadecane, and the contact angles obtained for individual
smooth colloidal probes. The single-particle contact angle θf
was extracted from the maximal capillary force Fmax by means of
eq 2.36,38 θs denotes the static contact angle, whereas θa and θr
are the advancing and the receding droplet contact angles,
respectively. The presence of contact angle hysteresis (θa ≠ θr)
suggests chemical inhomogeneity of the surface. The diﬀerence
between θs and θr is particularly marked for the ﬂuorinated
surfaces. Also, as shown in Table 1, θw/o
(for individual smooth
f
colloids) and θw/o
(for
water
droplets
on
model macroscopic
r
surfaces) are in good agreement.
AFM Measurements. We now proceed to the results
obtained for the detachment of the colloidal probes as a
function of their surface chemistry and roughness. Before
starting with each speciﬁc chemical modiﬁcation, it is worth
making an important premise. Previous experiments with rough
ﬂuorinated AFM probes carried out at both water/air and oil/
air interfaces showed that at low applied loads, air pockets were
trapped between the asperities.48 As a consequence, the wetting
was described by the CB regime. Conversely, in our case, all
colloidal probe AFM experiments were carried out at water/nhexadecane interfaces starting with a probe that is fully
immersed in the oil. Moreover, as reported in Table 1, all
θo/a
values (for n-hexadecane droplets in air) are well below
s
90°, which suggest that all colloidal probes should be fully
wetted by n-hexadecane before entering into the aqueous
phase. The AFM experiments therefore start from a Wenzel
state.
Colloidal Probes with OTS Functionalization. We will
ﬁrst describe the detachment of the OTS-modiﬁed particles as a
function of their surface roughness, described by the parameter
⟨H⟩/⟨d⟩. As mentioned in the introduction, the detachment
force and distance are measured as a function of the load that is
applied to the interface.
For comparable values of Fload, all retraction curves display
the common features illustrated in Figure 1c. At a closer
examination though, especially close to the maximal detachment force, several marked diﬀerences become evident (see
Figure 3). The shape of the curve corresponding to the smooth
probe has a rounded minimum around Fmax (Figure 3, red line),
and the value of Dmax does not coincide with the one for D0,36
that is, the maximal force is reached before the maximal
detachment distance D0. For the rough probes, the detachment
event is instead abrupt. The force−distance curve around Fmax
has a sharp “V-shape” (see Figure 3), and Dmax and D0
practically coincide (Dmax and D0 are also very close for small
and hydrophobic particles, see the Supporting Information
section 8). Moreover, for the smooth colloid (see the red
curve), the force decreases smoothly and monotonically until

Figure 2. Roughness extraction for model micron-sized rough
particles. (a) Background-free contour plot of the surface of a rough
particle (from RB_0.39). The centers of each asperity and the
triangulation used to calculate the asperity-to-asperity distance are
highlighted. The scale bar is 500 nm. (b,c) Probability distributions of
the asperity height H and the nearest inter-asperity distance d for all
roughness classes, respectively. (d) Mean values of H/d corresponding
to the distributions in (b,c) (in blackRB_0.39; in magenta
RB_0.43; in cyanRB_0.79). All data, apart from the empty blue
histograms in panel (b,c), are extracted from the AFM measurements.
The empty histograms in (b,c) are extracted from the SEM image
analysis.

surfaces with the single-particle data extracted for smooth
colloidal probes. It is important to point out that the AFM
piezo actuator used in the current work has a maximal
extension of 15 μm. Consequently, large and hydrophilic
colloids, which detach at distances D0 larger than 15 μm,
cannot be measured automatically. In these cases, the retraction
is carried out manually by means of the AFM stepper
motors,36,48 and both the statistics and the accuracy of the
measurements are compromised. Therefore, we chose to
modify the surface of our rough particles to render them
suﬃciently hydrophobic, so that we can work within the piezo
range. We performed three diﬀerent kinds of hydrophobization:
coating the particles with Br-silanes, OTS, and ﬂuorosilanes, as
described in detail in the Experimental Section. In Table 1, we

w/o
w/o
Table 1. Static (θw/o
s ), Advancing (θa ), and Receding (θr ) Contact Angles of Water Droplets on Chemically Modiﬁed Silicon
a
Wafers Immersed in n-Hexadecane

functionalization

θw/o
(deg)
s

θw/o
(deg)
a

θw/o
(deg)
r

θw/o
(deg)
f

θo/a
s (deg)

θo/a
a (deg)

θo/a
(deg)
r

Br-silane
OTS
ﬂuorosilane

109 ± 1
151 ± 1
140 ± 1

116 ± 1
153 ± 2
145 ± 1

85 ± 4
147 ± 3
112 ± 1

89 ± 2
112 ± 2
124 ± 1

<10
59 ± 1
80 ± 2

<10
61 ± 1
81 ± 1

<10
46 ± 4
73 ± 1

a o/a o/a
w/o
θs , θa , and θo/a
is the
r are the static, advancing, and receding contact angles measured for n-hexadecane droplets on the same wafers in air. θf
contact angle calculated from the maximal adhesion force Fmax for smooth colloidal probes detaching from a water/n-hexadecane interface and
functionalized in the same way as the equivalent macroscopic surfaces.
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constant Fmax means that the contact line can slide smoothly on
the colloid’s surface during the retraction process, thus fulﬁlling
the boundary condition for a constant contact angle. This result
directly conﬁrms that the OTS-modiﬁed colloids and wafers
have uniform surface chemistry, justiﬁed also by the small
contact angle hysteresis observed in the macroscopic measurements (Table 1). The contact-line sliding regime is also
quantitatively conﬁrmed by the mismatch between D0 and Dmax,
as reported in Figure 4b (red histogram) and as previously
investigated for a broad range of smooth colloids.36
Furthermore, the distribution of the maximal detachment
force Fmax is rather narrow (see Figure 4cthe red histogram).
Interestingly, the OTS-modiﬁed rough particles also show a
very weak dependence of Fmax as a function of Fload for all
roughness classes. Nevertheless, this result has a completely
diﬀerent origin. In fact, in the case of rough particles, the
detachment mechanism is characterized by the contact-line
pinning regime. In the presence of pinning, as mentioned
above, the detachment event is abrupt, and the force−distance
curve around Fmax has a sharp “V-shape” (see Figure 3), which
translates into the coincidence of Dmax with D0. This is
conﬁrmed in Figure 4b (the blue histogram). A constant value
of Fmax versus Fload would then indicate that the contact line was
pinned at the same position on the probe surface for all
detachment curves. The presence of multiple values of Fmax for
the same value of the loading force Fload shows that the
detachment process is more complicated and that there may be
a multitude of eﬀective pinning sites on the probe surface
(Figure 4c; RB_0.39). Finally, we observe that the values of the
detachment forces for the rough colloids are signiﬁcantly lower
than the values of the detachment forces for the smooth
colloids (Figure 4a), implying that the rough colloids possess a
higher receding contact angle than the smooth colloids, as it
will be discussed later.
AFM Colloidal Probes with Fluoro Functionalization.
We then move to the case of ﬂuoro-functionalized colloidal
probes. Similar to the OTS-modiﬁcation, Fmax does not depend
on Fload for the smooth particles (Figure 5a). Nevertheless, a
distinct diﬀerence is seen when we examine the distribution of
the D0/Dmax values, as shown in Figure 5b. We can identify two

Figure 3. Retraction curves for OTS-modiﬁed colloidal probes. The
red circles correspond to a smooth silica sphere, the black squares
correspond to a rough colloid RB_0.39, the magenta diamonds are for
a rough colloid RB_0.43, and the cyan triangles are for a rough colloid
RB_0.79. The curves are normalized by the respective maximum
detachment forces Fmax and the maximum detachment distances D0.

Fmax, whereas, for the rougher colloids, the force−distance
curves show visible oscillations and even sawtooth jumps (see
the black and cyan curves in Figure 3). These qualitative
diﬀerences clearly show that the detachment mechanisms for
the diﬀerent colloids depend signiﬁcantly on the surface
roughness.
Starting from these qualitative traits, a more detailed
quantitative comparison between the diﬀerent surfaces can be
made. As described in the Introduction, we can vary the applied
load Fload, with which the colloid is pushed toward the interface
(Figure 1d) and measure the corresponding detachment force
Fmax. In Figure 4a, we plot the maximal capillary force Fmax as a
function of the load Fload for all roughness classes. For the
smooth colloids, where Fmax depends only on the particle
contact angle θ (see eq 2), Fmax is not expected to depend on
Fload. This is conﬁrmed by the red data points in Figure 4a. A

Figure 4. (a) Maximal detachment force Fmax vs load Fload applied on the interface during the approach of the OTS-modiﬁed probes. Attachment−
detachment repetitions of the same colloid are plotted with the same color and symbol. Diﬀerent symbols of the same color represent diﬀerent
experiments carried out with diﬀerent colloidal probes having the same surface morphology and the same functionalization. Red: smooth particles
⟨H⟩/⟨d⟩ ≈ 0; black: RB_0.39; magenta: RB_0.43; cyan: RB_0.79. (b) Probability distributions of the D0/Dmax ratios for smooth (top) and rough
colloids (bottomall roughness classes are grouped together). The D0/Dmax values that are closest to 1 are a signature of pinning. (c) Probability
distributions of the normalized detachment force Fmax/⟨Fmax⟩ for the various roughness classes [same colors as in (a)].
G
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Figure 5. (a) Maximal detachment force Fmax vs load Fload applied on the interface during the approach of ﬂuorinated probes. Attachment−
detachment repetitions of the same colloid are plotted with the same color and symbol. Diﬀerent symbols of the same color represent diﬀerent
experiments carried out with diﬀerent colloidal probes having the same surface morphology and the same functionalization. Red: smooth particles
⟨H⟩/⟨d⟩ ≈ 0; black: RB_0.39; magenta: RB_0.43; cyan: RB_0.79. (b) Probability distributions of the D0/Dmax ratios for smooth (top) and rough
colloids (bottomall roughness classes are grouped together). The D0/Dmax values that are closest to 1 are a signature of pinning. For the
topographically smooth but chemically heterogeneous probes, detachment events have been divided: for pinning (empty histogram bars) and for
sliding (ﬁlled histogram bars). (c) Probability distributions of the normalized detachment force Fmax/⟨Fmax⟩ for the various roughness classes [same
colors as in (a)].

Figure 6. Interfacial deformations around isolated hydrophobized smooth silica particles measured using AFM on a replica of the interface. The
interface height proﬁles are plotted vs the angular position along the contact line at a distance of 300 nm (a) and 500 nm (b) from the particle edge,
respectively. Magenta crosses: PPFS-modiﬁed particles; green diamonds: OTS-modiﬁed particles. (c) The interface height is depicted as a function
of the radial distance l (at a ﬁxed angle φ along the perimeter). The red lines are ﬁts according to eq 3.

chemical patches does not diﬀer signiﬁcantly, so as to produce
large variations in the adhesion forces.
For the ﬂuoro-functionalized rough colloids, we ﬁnd a
behavior that is qualitatively similar to that of the OTSmodiﬁed particles. However, by applying a chemically
heterogeneous ﬂuorinated layer on the geometrically rough
surface, we observe an even higher degree of hydrophobicity6,11,45 and a broader distribution of pinning points.
As a result, oscillations and jumps in the force close to Fmax
occur (see Supporting Information section 4), and the
distribution of D0/Dmax becomes signiﬁcantly broader.
The pinning detachment observed for the ﬂuorinated smooth
particles was the object of additional investigations to conﬁrm
the presence of chemical heterogeneities further. As predicted
by theory56,59,60 and recently proven experimentally,15 contactline pinning around rough spherical particles leads to

diﬀerent populations of detachment events (more details in the
Supporting Information section 4): one with D0/Dmax values
closer to 1 (empty red histogram) and another one with larger
values (ﬁlled red histogram). Given the discussion above, the
two populations correspond to contact-line pinning and sliding,
respectively. This behavior stems from the presence of chemical
heterogeneities on the particle surfaces, which are also present
in the smooth wafer with ﬂuoro functionalization, as reﬂected
by the large contact angle hysteresis reported in Table 1 (see
the Supporting Information section 5 for more details). The
chemical heterogeneities appear to be suﬃcient to induce some
local pinning during the repeated wetting/dewetting cycles. In
spite of this fact, a very narrow distribution of Fmax is observed
for the smooth ﬂuoro-modiﬁed particles (Figure 5c, red
histogram), suggesting that the wettability of the various
H
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Figure 7. (a) Maximal detachment force Fmax vs load Fload applied on the interface during the approach of Br-silane-modiﬁed probes. Attachment−
detachment repetitions of the same colloid are plotted with the same color and symbol. Diﬀerent symbols of the same color represent diﬀerent
experiments carried out with diﬀerent colloidal probes having the same surface morphology and the same functionalization. Red: smooth particles
⟨H⟩/⟨d⟩ ≈ 0; black: RB_0.39; magenta: RB_0.43; cyan: RB_0.79. The cyan curve is split into two segments; the dots represent the ramp-up of Fload,
and the asterisks depict the ramp-down of Fload. (b) Probability distributions of the D0/Dmax ratios for smooth (top) and rough colloids (bottomall
roughness classes are grouped together). The D0/Dmax values that are closest to 1 are a signature of pinning. (c) Probability distributions of the
normalized detachment force Fmax/⟨Fmax⟩ for the various roughness classes [same colors as in (a)] with the exception of the bottom panel, where in
cyan are depicted the data for the rough particles RB_0.79 during the ramp-up of Fload, whereas in blue during the ramp-down of Fload.

RB_0.39 and RB_0.79). The observed trends are reversible for
roughness classes RB_0.39 and RB_0.43. The particles
RB_0.79 present a markedly diﬀerent behavior instead, namely
the Fmax versus Fload plot shows hysteresis upon increasing and
decreasing loads. The hysteresis indicates that the colloidal
probe changed its wetting properties during the experiments. A
plausible explanation for the changed wetting properties may
come from water impalement in between the surface asperities.
Indeed, the very large surface roughness of the RB_0.79
particles can give rise to external layers with open porosity, in
which water may fully and irreversibly penetrate, thus
permanently displacing the n-hexadecane (water impalement).
For the sake of simplicity, we assume that the depinning
(impalement) pressure for a square lattice corresponds to the
minimal threshold pressure needed for permanent water
entrapment.11,48 The impalement pressure for a square lattice
constitutes a lower limit compared to other geometries, for
example, asperities forming a hexagonal lattice. The driving
force for liquid impalement is the capillary pressure Pc,
associated with the liquid cavity formed by the microparticle.
2γ
Then, Pc ≈ R = 34 kPa , where R ≈ 3.1 μm is the microparticle radius and γ = 53 mN/m. By assuming that the berryto-berry distance ⟨d⟩ coincides with the lattice constant, the

corrugated interfaces with a quadrupolar interfacial deformation
in the far ﬁeld. Similar interfacial deformations are also
expected for chemically heterogeneous colloids trapped at
liquid interfaces,56,59−61 but have not yet been directly
conﬁrmed at the single-particle level. We tested this hypothesis
by using PPFS-modiﬁed silica colloids (see the Experimental
Section for details), which retain a topographically smooth
surface after chemical modiﬁcation, as shown in the Supporting
Information section 5. By comparing the heights of the
interface at various distances from the particle contact line
(Figure 6a,b), we see that the OTS-modiﬁed colloids impart
negligible interface deformations, whereas the PPFS-modiﬁed
colloids induce larger corrugations of the interface. The
symmetry of the deformation is quadrupolar. In fact, the
vicinity of the particle, sitting at the interface, represents a
saddle, possessing two peaks and two valleys. The height of the
peaks (or the depth of the valleys) decays as (1/l)2, as predicted
by the capillary theory56 (Figure 6c). These additional
observations conﬁrm that the ﬂuorinated silica particles are
geometrically smooth but chemically heterogeneous; hence,
they induce contact-line pinning upon detachment. Further
experiments carried out on macroscopic ﬂat wafers, corroborating this hypothesis, can be found in the Supporting Information
sections 5 and 6.
AFM Colloidal Probes with Bromo Functionalization.
In a third set of experiments, we applied a surface modiﬁcation
using a Br-silane layer, giving contact angles close to neutral
wetting.15 Correspondingly, Br-silane-modiﬁed smooth particles give higher values of the detachment force compared to
the values of Fmax measured for the OTS and ﬂuoro
modiﬁcations. For such smooth particles, the retraction curves
are fully compatible with contact-line sliding, and the
distribution of Fmax is very narrow (Figure 7). Compared to
the more hydrophobic coatings, the Br-silane-modiﬁed rough
colloidal probes present a distinctively more complex detachment behavior. First, all three roughness categories exhibit an
almost linear increase of the adhesion force Fmax with Fload up to
Fload ≈ 100 nN. For loads higher than this threshold value, Fmax
practically levels oﬀ as a function of Fload (especially visible for

s
=
depinning pressure is Pdep

2πγr
⟨d⟩2

sin 2

θa
2

( ), where r is the radius

of the berry. By replacing θa with the values reported in Table 1,
the minimal impalement pressures are 71 kPa for the bromo
functionalization, 94 kPa for the OTS-modiﬁed particles, and
90 kPa for the ﬂuorosilane-modiﬁed particles RB_0.79. All
values are higher than the capillary pressure, so water
imbibition should be prevented, but the lower value for the
bromo functionalization indicates that those particles would be
the ﬁrst to show impalement. Discrepancies with the estimates
above may come from the presence of large values of d for
some asperities, which are underestimated by only considering
⟨d⟩ and for which Pc may approach Psdep. Finally, as discussed in
the Supporting Information section 3, for particles with more
hydrophilic surfaces, water imbibition may even become
I
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spontaneous. This event does not occur for other roughness
classes, for which no open porosity exists.
For all bromosilane-modiﬁed rough particles, D0/Dmax is very
close to 1, indicative of strong contact-line pinning. The trend
of Fmax/⟨Fmax⟩, already observed for the other two surface
modiﬁcations, is further conﬁrmed for the less hydrophobic
bromosilane: with increasing ⟨H⟩/⟨d⟩-values, the distribution
of the maximal adhesion force Fmax becomes broader.
Interestingly, the water-imbibed colloidal probe presents a
very narrow distribution of Fmax. This result together with the
data for D0/Dmax reported in Figure 7b conﬁrm that the liquid
imbibition creates a complex surface consisting of islands of
chemically modiﬁed silica that are surrounded by a layer of
water entrapped in the porous structure. Such a representation
is in agreement with the results obtained by Paunov et al.62,63
for infused porous macroparticles at liquid interfaces, where the
induced surface heterogeneity behaves as a conventional
inhomogeneous surface and is able to pin the contact line
upon detachment.
Comparison between the Diﬀerent Surface Functionalizations. Finally, we will compare the behavior observed for
the diﬀerent chemical functionalizations. With the exception of
the ﬂuorinated particles, the smooth probes behave as expected.
All detachment events proceed via contact-line sliding, and the
values of the maximal force Fmax are narrowly distributed. In
line with the macroscopic contact angle measurements, we
observed an increase in the single-particle contact angle θw/o
f
when more hydrophobic functionalizations are used, as
reported in Table 1.
The detachment is more complex for the rough colloids
because, as observed in the Fmax versus Fload plots, Fmax is not
single-valued. Instead, Fmax versus Fload either presents distinct
terraces (OTS and ﬂuoro modiﬁcations) or an increasing Fmax
with increasing Fload, followed by a plateau (Br-silane
modiﬁcation). In particular, the presence of multiple plateaus
suggests a sudden change in the contact line position. In this
regard, we calculated the number of asperities encompassed by
the contact line corresponding to a given plateau value of Fmax.
From the plateau values of Fmax, we can calculate the apparent
contact angle of the colloidal probe θr,app (using eq 2) and thus
determine the radius of the spherical cap exposed to water,
equal to R sin αmax. The perimeter of the contact line projection
on the core particle (=2πR sin αmax) can be divided by the
average asperity-to-asperity distance ⟨d⟩ (Figure 2c) to obtain
the number of asperities wetted by the contact line NL. The
equation for NL reads

Table 2. Number of Asperities Extracted from the Location
of the Contact Line at the Moment of Detachment (NL) for
Three Diﬀerent Functionalizations

1
⟨d⟩

2πRFmax
γ

OTS

⟨H⟩/⟨d⟩ class

NL

NL

NL

RB_0.39

16.3

11.6

RB_0.43
RB_0.79

40.5
6.6

5.2
7.3
10.3
32.4
2.6
3.3

40.3
1.8

The number and size of the asperities involved during
detachment aﬀect not only Fmax and D0 but also the motion of
the contact line in general. The latter either moves (slides) over
the smooth surfaces or experiences a more discontinuous
motion over the rough surfaces, as qualitatively shown in Figure
3. The continuity of the contact-line motion can be captured by
quantifying the oscillations of the retraction curves for the
diﬀerent functionalizations and particle roughness classes, as
reported in Figure 8a. We notice that the root-mean-square
error (RMSE) of the curves relative to their respective baselines
(obtained via the second smoothing procedure described in the
Experimental Section) increases by increasing the particle
roughness. The detachment of rough particles proceeds
through multiple subevents of contact-line stick-slip, leading
to jumps in the force−distance curve, which contribute to the
RMSE of the oscillations.
Finally, we observe in Figure 8b that ⟨Fmax⟩ steadily decreases
when the roughness increases. Consequently, as shown in
Figure 8c, the contact angle increases to the point where very
hydrophobic particles are obtained in the case of rough colloids
hydrophobized by OTS and ﬂuorosilanes.
Interestingly, the wetting behavior reported here presents
some crucial diﬀerences compared to the dewetting of larger
superamphiphobic probes at water/air interfaces.48 In the work
by Ye et al.,48 two regimes of dewetting were found as a
function of the applied load. At low loads, Fmax steeply
increased with Fload, indicating that an increasing (yet small)
number of asperities was wetted upon increasing indentation.
At higher loads, Fmax showed instead a gradual linear
dependence on Fload, stemming from the force required to
depin the contact line that had moved over a large and loaddependent number of asperities.

■

CONCLUSIONS
In this work, we focused on the desorption of rough particles
from water/oil interfaces using colloidal probe AFM. Although
a very limited number of particles can be measured using this
technique, a wealth of information is extracted. In particular, we
investigated the role of surface roughness and surface chemistry
on the nature of the detachment. In general, we observed that
for hydrophobic particles, increasing the surface roughness
changes the type of detachment mechanism from contact-line
sliding to contact-line pinning. This fact is qualitatively
underlined by a change in the shape of the force−distance
curve close to the detachment point and quantitatively
conﬁrmed by the diﬀerent distributions of D0/Dmax for the
two detachment regimes, that is, detachment upon contact-line
sliding or contact-line pinning. As previously observed,15 rough
colloidal probes approaching the interface from the apolar
phase are rendered eﬀectively more hydrophobic. Additionally,

2πR cos(θr,app/2)
2πR sin αmax
NL =
=
⟨d⟩
⟨d⟩
=

ﬂuorosilane

Br-silane

(4)

Table 2 summarizes the number of asperities extracted from
the location of the contact line at the moment of detachment
(NL).
NL decreases with the increase of ⟨d⟩ (see Figure 2c and
Table S1), suggesting that the pinning of the contact line at the
asperities correctly describes the detachment process. This
result has important implications for the description of
heterogeneous particles at liquid interfaces. In fact, it introduces
an additional engineering tool for tuning the contact angle of
colloids similar to the case of macroscopic surfaces.3,4,11
J
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Figure 8. Comparison between the diﬀerent surface functionalizations as a function of the roughness. (a) RMSE of the oscillations of the retraction
curve. (b,c) are the average maximal detachment force and the apparent particle contact angle, respectively. (c) was calculated from (b) by means of
eq 2. Colors: magenta, bromo-functionalization; red, OTS; blue, ﬂuorosilane.

■

roughening the surfaces of the probes introduces a multitude of
pinning and detachment points and leads to a broader relative
distribution of the detachment forces and distances. The former
correlates with the number of asperities wetted by the contact
line before detaching. The increased noise observed in the force
signal of heterogeneous probes during the retraction further
conﬁrms that the contact line does not undergo a single-step
detachment. Conversely, the detachment process can be split
into discrete rearrangements of the contact line until the
particle is removed from the interface.
All these considerations have direct implications for the use
of nonideal particles at liquid interfaces, and in particular, for
the destabilization of Pickering emulsions and foams. In fact,
the detachment energy of a colloidal particle depends on the
cross-sectional area it can share with the interface. Rough
particles, which do adsorb in metastable positions, allow for the
tuning of the protrusion height and thus the exposed crosssectional area. As a consequence, the detachment distance
becomes a function of the energy used to bring the particles to
the interface. Therefore, higher energy inputs during an
emulsiﬁcation process may bring a higher number of asperities
in contact with the interface, thus leading to an enhancement of
the particle detachment force and hence to the improved
stability of the resulting emulsion. For recovery purposes,
where the stabilizing particles must be collected afterward, for
example, in oil separation and particle recovery, low detachment forces, which could be achieved by roughness tailoring,
are instead favored. Additional options are also oﬀered when
rough surfaces can be imbibed by a ﬂuid diﬀerent from the one
in which they are initially dispersed. This may allow the CB
regime to be suppressed48 or modiﬁed, switching from an oilsoaked to a water-impaled state. These two diﬀerent cases may
lead to a complete switch of the particle wettability depending
on the contact angle of the single asperities.62,63 In conclusion,
these ﬁndings emphasize the interesting role played by surface
heterogeneities in interfacial phenomena, highlighting the
potential of tailoring the surface roughness and chemistry in
the design of new particle-based materials.
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Table S1 Reaction parameters for the fabrication of all-silica raspberry-like particles used as rough
colloidal probes. The reported quantities were used to modify 10 mg of particles. PD stands for
polydisperse. RMS denotes the average root-mean-square roughness. <H> and <d> are the mean asperity
height and the mean asperity-to-asperity distance measured after the smoothening step, respectively.

Roughness

NP size

Injected

RMS

<H>

<d>

Class

(nm)

TEOS (5

(nm)

(nm)

(nm)

<H>/<d>

vol%) (mL)
RB_0.39

250 PD

1.83

54.5 ±

205 ± 27 528 ± 197

0.39 ± 0.15

78 ± 15

187 ± 79

0.42 ± 0.19

970 ± 36

1270 ±

0.76 ± 0.17

5.1
RB_0.43

72

0.39

17.5 ±
3.7

RB_0.79

960&39

0.92

> 100

278

Supplementary section 1: Asperity shape
The qualitative impression that the roughness features consist of spherical caps is
quantitatively proven by the 3D reconstruction of a single asperity. The experimental data in
the region of interest are fitted with the analytical expression for a sphere. The root-meansquare error (RMSE) of the fit is 4.8 nm (the asperity radius determined from the fit is
128 nm), which proves that the asperities are indeed spherical caps with different heights.

Figure S1 (a) Contour plot of the surface of a model rough particle (RB_0.39). The white crosses mark the
asperities’ centers of mass. The red square delimits the selected area that is used for the 3D reconstruction
shown in panel (b). The scale bar is 300 nm. (b) 3D reconstruction of a single asperity. In red, we have
shown the experimental points from the AFM scan. The cyan surface depicts the spherical fit. The fit rootmean-square error is 4.8 nm.
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Supplementary section 2: RMS roughness
The particle surface topography can also be described by the root-mean-square (RMS)
roughness. Using the RMS as a roughness descriptor, RB_0.39 and RB_0.43 are inverted,
compared to the classification using the dimensionless parameter <H>/<d> as in the
manuscript.

Figure S2 Model rough particles ranked in ascending order in terms of the RMS roughness. The same
colors as in Figure 2 of the manuscript are used.

Supplementary section 3: n-hexadecane and water impalement
The n-hexadecane impalement is of particular interest for the rough particles RB_0.79. In
fact, its enormous surface roughness could effectively act as open porosity. In this regard, the
maximal driving force needed to fill the air pockets with n-hexadecane is given by the
capillary pressure Pc =

2γ

R

≈ 18 kPa, where g is the n-hexadecane surface tension in air

(27.5 mN/m) and R = 3.1 µm is the particle radius. The capillary pressure for all the surface
modifications is larger or comparable to the impalement pressure.

S3

Table S2 Impalement pressure for n-hexadecane in air, calculated for the rough colloidal particles
RB_0.79.
Functionalization

Pdepinning
(kPa)

Br-silane

< 0.4

OTS

13.2

Fluoro-silane

21.7

For hydrophilic surface modifications, water impalement can take place spontaneously. This
fact was proven with FreSCa

1-2

and GTT3 measurements (see Figure S3a and b,

respectively).
In Figure S3, the spontaneous water imbibition is clearly observed for particles RB_0.79
when the surface is hydrophilic. In fact, for the parameters reported in the manuscript, water
impalement is expected for contact angles lower than θ = 2 arcsin

123

p45

≈ 72°

(<d> = 1270 nm, r = 480 nm, R = 3100 nm). Hence, surface topographies different than
RB_0.79 cannot be impaled, even if they are hydrophilic, as reported in Figure S3c.
In both the FreSCa and GTT experiments, the rough particles were spontaneously adsorbed
by sedimentation from the non-polar phase4 (n-decane). FreSCa allows the visualization of
the interface from the side previously occupied by the oil, while in GTT the interface is
replicated and therefore imaged from the polar phase (water).
The amino functionalization was introduced by vigorously stirring the particles (few mg) in
an aqueous mixture containing 0.6 vol% of APTES (3-(triethoxysilyl)propan-1-amine, >98%,
Sial) for 24 h at room temperature. As reported in Table S3, the amino modification renders
the surface hydrophilic.
Table S3 Macroscopic contact angles of water droplets on amino-modified silicon wafers immersed in nhexadecane.

Functionalization

qsw/o(°)

qaw/o(°)

qrw/o(°)

APTES

63 ± 1

69 ± 2

29 ± 3

S4

Figure S3 Hydrophilic particles imbibed by water during their spontaneous adsorption at the water/ndecane interface. (a) Unmodified RB_0.79 particle imaged with cryo-SEM. (b) GTT replica for a RB_0.79
particle modified with amino-silanes. (c) GTT replica for a RB_0.39 particle modified with amino-silane.
In all cases, the scale bar is 2 µm.
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Supplementary section 4: Pinning vs sliding detachment

Figure S4 Linear fits of Dmax versus D0 for smooth and rough colloids with three different surface
chemistries. (a) Bromo-functionalized, (b) OTS-modified and (c) fluoro-hydrophobized colloidal probes.
Open circles represent the data for the rough colloids; black squares depict the data for the smooth
particles. In panel (c), the smooth particles presenting pinning-like behavior are plotted with red open
circles, while smooth particles detaching via contact line sliding are reported with red squares. Blue lines
depict the linear fits for the rough colloids and the red lines show the linear fits for the smooth particles,
respectively. The m-values correspond to the slopes of the respective linear fits, showing statistically
significant differences for pinning vs sliding detachment.

The qualitative difference between two force-distance curves of the same fluorohydrophobized rough colloid is shown in Figure S5. In both cases, pinning is expected and
appears to have happened. Nevertheless, the strong oscillations of the red curve make the
unequivocal determination of Fmax challenging, as well as the determination of the actual
S6

detachment position D0. In the case of the red curve, the global minimum does not
correspond to D0. The latter gives rise to the upper tail in the distribution of D0/Dmax.

Figure S5 Retraction curves for a rough colloid (RB_0.39) modified with fluoro-silane. In blue, a curve
that shows pinning detachment. In red, a (noisy) curve that shows sliding detachment.

Supplementary section 5: Investigation of fluorinated planar surfaces
A more detailed investigation of the surface of fluoro-silane-modified wafers revealed the
appearance of sparse blobs when the wafer was scanned in water. In contrast, the same region
of interest was found to be perfectly flat when scanned in air at ambient conditions (Figure
S6). This morphological change has only a minor impact on the geometrical roughness of the
surface, but it gives rise to a relevant chemical heterogeneity. Locally, non-uniform surface
chemistries produce wetting discontinuities which can act as pinning points during the
contact line motion5. The latter also explains the large contact angle hysteresis observed for
the fluoro-silanized smooth particles, which directly affects the force-distance curves for such
particles.
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Figure S6 (a) Fluoro-silanized silicon wafer scanned in air at ambient conditions with an AFM. (b) The
same region of interest scanned in milliQ water with an AFM. The scale bar is 1 µm.

Supplementary section 6: Investigation of planar and curved PPFSmodified surfaces
The same investigation, carried out with planar fluoro-silanized wafers, was also performed
with planar PPFS-modified substrates. For these measurements, an OTS-modified AFM tip
was used. Analogously to the fluoro-modified wafers, the PPFS-functionalized wafers
present geometrical features which become more pronounced when the substrate is exposed
to water (Figure S7). Despite being geometrically smooth overall, planar PPFS-modified
surfaces may induce contact-line pinning due to local surface heterogeneities and therefore
result in contact angle hysteresis. The latter is confirmed by the macroscopic contact angle
measurements reported in Table S4.

Figure S7 AFM scans of planar PPFS-modified silicon wafers. The measurements were carried out (a) in
air at ambient conditions, (b) in water and (c) in n-hexadecane. The scale bar is 1 µm.
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Table S4 Static (qsw/o), advancing (qaw/o) and receding (qrw/o) contact angles of water droplets placed on
chemically modified silicon wafers immersed in n-hexadecane.

Functionalization

qsw/o(°)

qaw/o(°)

qrw/o(°)

PPFS

129 ± 1

132 ± 1

124 ± 1

The same line of thinking can be applied to PPFS-modified curved surfaces (colloidal
spheres). Indeed, the SEM and AFM characterization (in air) of PPFS-functionalized colloids
show a geometrically smooth surface (Figure S8). Nevertheless, these particles are able to
impart quadrupolar deformations when adsorbed at liquid interfaces (see Figure 6 in the
manuscript). All of the arguments presented above clearly indicate that the surface of
fluorinated particles (either fluoro-silane, or PPFS) is chemically heterogeneous when
exposed to water, thus able to pin the three-phase contact line.

Figure S8 (a) SEM scan of PPFS-modified silica colloids and (b) Background-free AFM scan of a single
PFFS functionalized particles in air. The scale bars are 500 nm in (a) and 50 nm in (b).

Supplementary section 7: Focused ion beam modification of a colloidal
probe and its detachment characterization
The shape of one colloidal probe (R = 1.66 µm) was modified using a focused ion beam (FIB,
Zeiss NVision 40) after it was glued to a tip-less AFM cantilever. A beam current of 10 pA
with a dwell time of 102 µs was used to carve a circular groove along the particle surface.
The cantilever was mounted in the FIB apparatus in such a way, so that the long side of the
cantilever was perpendicular to the beam. The first half of the groove was produced by
milling a 500-nm-wide and 200-nm-deep region. To complete the circular cut, the cantilever
was removed from the FIB chamber and flipped along its longitudinal axis. The same milling
procedure was then repeated on the other side of the particle. To compensate for the tilt of the
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cantilever when mounted on the AFM stage, the cut was milled at a 10° angle with respect to
the longitudinal axis of the cantilever.

Figure S9 (a) SEM image of an FIB-cut colloidal probe (R = 1.66 µm). The cut (width of 500 nm and
depth of 200 nm) is milled approximately around the equatorial position. The thick dashed line represents
the position of the contact line at the moment of detachment. The thickness of the line corresponds to the
standard deviation of the distribution of the detachment positions. The scale bar is 2 µm. (b) Fmax as a
function of the load Fload together with the histograms of D0/Dmax and Fmax/<Fmax>.

To further examine the pinning on fluorinated particles, we carried out force-distance
measurements using the FIB-modified particle after fluoro-silanization on a water/nhexadecane interface (see Figure S9). For all the exerted loads, the measured Fmax is higher
than the estimated Fmax from Eq. 2 (see Figure S9b). In fact, assuming contact line sliding, a
radius of 1.66 µm and a receding contact angle of 112°, Fmax is estimated to be around
170 nN. This value is markedly lower than the measured <Fmax>. From the mean value of the
measured Fmax, it is possible to calculate an apparent contact angle of 63° using Eq. 2 and
thus the position at which the detachment takes place (amax = 121.5°). The latter is
highlighted in Figure S9a by the white dashed line, where the line thickness corresponds to
the width of the distribution of Fmax translated in terms of protrusion height. The nature and
the geometry of the pinning position are believed to be responsible for the discrepancy
between the measured and the expected force for contact line sliding. Additionally, it is
further confirmed that Eq. 2 may lead to erroneous estimates when contact line pinning
contributes to the detachment. Interestingly, for very few detachment curves, the measured
Fmax was lower in magnitude than <Fmax>. These rare events could be due to incomplete
pinning of the contact line at the edge of the groove. As previously discussed, for a perfect
pinning-controlled detachment, Dmax is equal to D0. The fact that for the FIB-cut colloidal
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probe D0/Dmax is not exactly equal to 1.00 suggests that the detachment events are not purely
dominated by a fixed (pinned) contact line. Some relaxation of the contact line could happen
because of the finite radius of the FIB-cut6. This defect may allow the contact line to slide for
very short distances before experiencing an abrupt detachment.

Supplementary section 8: Ratio between D0 and Dmax for contact-line
sliding

Figure S10 D0/Dmax is plotted as a function of the particle contact angle for sliding-controlled detachment
from a water/n-hexadecane interface. All solid lines represent analytical calculations using the theory from
Ref. 36 in the manuscript. The red line shows the trend for a colloidal probe with a diameter of 100 µm,
the green line is for a colloidal probe with a diameter of 10 µm and the blue line is for a colloidal probe
with a diameter of 1 µm.
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