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We demonstrate the electrostatic assembly of oppositely charged silica particles into an ensemble of
well-defined core-satellite supraparticles, which are a type of patchy particle. To achieve controlled
heteroaggregation, we used oppositely charged silica particles with different sizes ranging from
5 nm to 150 nm at several concentrations. The assembly works best with larger particles, resulting
in a fairly low polydispersity and a low amount of bridging between the individual clusters. Using
smaller particles produces high polydispersity, large clusters and uncontrolled aggregation and bridg-
ing. Furthermore, even with controlled aggregation into well-defined clusters in the case of bigger
particles, we observe an uneven covering of the central particles with around 1–6 satellite particles
adsorbed to the central particle. This behavior is not predicted by simple pairwise DLVO potentials
which would anticipate an even spacing of the satellite particles on the core. We explain these obser-
vations by taking into account the interactions of the adsorbing particles within the ionic cloud of the
central particle. We hypothesize that when the adsorbing satellite particles are small compared to the
diameter of the ion cloud of the core particle, they aggregate within the ion cloud and therefore do
not create a well-defined monolayer on the surface of the core particle, instead forming small agglom-
erates during adsorption.
Finally, both the assembled zwitterionic clusters and clusters that were partially hydrophobized

were tested for their capabilities as Pickering emulsifiers. The zwitterionic clusters showed a strongly
increased surface activity compared to the individual particles, while the hydrophobized particles
changed the emulsion type from w/o to o/w. Interfacial dilatational rheological tests supported the
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observations from the emulsion tests. With this, we demonstrate that a relatively unordered ensemble
of supraparticles is able to show well-defined functionality at a higher hierarchical level as Pickering
emulsifiers.
1. Introduction

The colloidal assembly of individually dispersed nanoparticles
into well-defined clusters consisting of only a few nanoparticles
promises the scalable synthesis of advancedmultifunctional supra-
particles with well-defined surface moieties, also known as patchy
particles. A facile and scalable synthesis route of patchy supraparti-
cles would enable the fabrication of complex and functional col-
loidal assemblies, giving rise to non-hexagonal colloidal crystals
[1], tailorable metamaterials [2] and eventually to complex
nanomachines [3]. However, electrostatic heteroaggregation,
which uses oppositely charged particles, and which is one of the
simplest approaches to colloidal assembly, usually results in the
uncontrolled precipitation of large clusters of particles. This gen-
eral observation is opposed to a number of computational studies
which predict that the controlled assembly of patchy particles via
electrostatic assembly should be possible [4,5].

Next to the above mentioned visionary applications for particles
that feature directional bonding, controlled surface anisotropy of
heteroaggregate particles could give rise to particles with
increased surface activity due to intermediate wetting properties
of the particle surface, which should lead to an improved ability
to stabilize Pickering emulsions [6,7]. In this respect, nanoscale
heteroaggregates are reminiscent of the complex charge distribu-
tion in proteins, especially on the surfaces of virus capsids [8].
Hence, nanoparticles with localized surface regions of varying
charge (or further properties like hydrophilicity) could prove to
be a powerful addition to the portfolio of biofunctional colloids [9].

The term heteroaggregation is used to describe the instability of
colloidal dispersions that consist of more than one type of particle
[10]. The particles may differ in a variety of properties, including
composition, shape, size, surface potential and charge. Here, we
only address electrostatic heteroaggregation, i.e. the aggregation
between oppositely charged nanoparticles as a result of Coulomb
interactions. Heteroaggregates can be stable or unstable, depend-
ing on whether the aggregates remain as regular and well-
dispersed units or whether they exist in large irregular masses that
will eventually precipitate [5,12]. This behavior is also dependent
on the relative particle sizes: particles similar in size tend to form
large percolating agglomerates, giving rise to irregular clusters of
particles. If there is a large difference in particle size, the smaller
particles may adsorb onto the surface of the larger species creating
a cohesive surface coating of the smaller particles on a central tem-
plate particle [11,13,14]. Additionally, particle concentrations [15],
surface functionalization [16] and solvent composition [17] also
play a role in determining the final outcome of the aggregation
process.

The interactions between colloidal particles with identical
properties, called homoaggregation, can be appropriated by the
DLVO theory [18]. The central assumption of the DLVO theory is
the separation of the total interaction potential between two par-
ticles into attractive and repulsive contributions:

VDLVO ¼ VA þ VR ð1Þ
The repulsive interactions are usually electrostatic in nature

and arise due to the electrical double layer surrounding the
spheres, originating from ionizable groups on the particle surface.
When the particles are the same, the resultant force is repulsive;
when the particles differ in charge, as in heteroaggregation, the
electrostatic forces are attractive. The electrical double layer can
be quantified by the Debye-Hückel theory. It describes the thick-
ness of the ion cloud surrounding a particle with the characteristic
Debye-Hückel length j�1 which is the distance from the particle
surface at which the surface potential is merely 1/e of its initial
value.

The electrostatic surface potential w of a particle with radius a
as a function of the distance r from its surface can be approximated
as

wðrÞ ¼ w0
a
r
expð�jðr � aÞÞ ð2Þ

with the Debye-Hückel length j�1 defined as

j�1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e � kB � T

2 � NA � e2 � I

s
ð3Þ

Based on the Poisson-Boltzmann equation, the gradient of the
ion concentration c in the ionic cloud can be written as

c ¼ c0 � exp ewðrÞ
kBT

� �
ð4Þ

where c0 is the ion concentration in the bulk phase and e is the ele-
mentary charge [19,20].

The attractive forces between colloidal particles usually consist
of van der Waals forces which are a result of temporary dipoles and
depend on the Hamaker constant A and the particle geometry.
When expressed in terms of interaction energy, the DLVO potential
can be written as

WDLVO ¼ WvdW þ VCoulomb ð5Þ
with

WvdWðrÞ ¼ �A
a

12r
ð6Þ

and

WCoulombðrÞ ¼ 64p � kbT � a � I � c2

j2 e�jr ð7Þ

with c ¼ tanhðW=4Þ, W ¼ tew=kT , the ionic strength I, the Boltz-
mann constant kb and the temperature T [21].

However, the DLVO theory only provides a basic framework to
assess particle interactions in real-life systems. It has especially
limited accuracy for systems with high ionic strength, submicron
particles and interactions with more than two particles at one
time.

There are a few notable exceptions to the otherwise suspicious
lack of publications on stable heteroaggregates. For example,
Dušak et al. studied the adsorption of small carboxylated maghe-
mite nanoparticles to amino-functionalized silica particles and
found that electrostatic heteroaggregation results in an uneven
coating on the silica particles while covalent attachment gave rise
to fairly well-defined structures [22]. Wagner et al. achieved a very
regular coating of aminated polystyrene particles 154 nm in diam-
eter with negatively charged gold or magnetite particles with
diameters around 20 nm. Here, all particles showed notably high
zeta-potentials above ±70 mV which might explain the even spac-
ing of the smaller particles on the bigger ones [23]. Alternative



strategies of supraparticle synthesis like the assembly inside emul-
sion droplets or coordinating particles via DNA recognition have
been more successful for creating well-defined supraparticles.
See [24–26] for comprehensive reviews on alternative strategies
for the synthesis of patchy supraparticles.

In this work, we are using silica colloids with tailored surface
chemistry as a well-defined system to study the formation of
stable heteroaggregates with a range of particle sizes. Our goal
was to create colloidally stable supraparticles consisting of a posi-
tively charged nanoparticle at the center, to which a limited num-
ber of smaller, negatively charged particles are attached. We
discuss our findings in light of our own simulations as well as on
a calculation of the DLVO interactions which lead to cluster forma-
tion of small particles on bigger particles. Finally, we investigate
whether the supraparticles show improved surface activity as Pick-
ering emulsifiers. To this end, we also created amphiphilic particles
which build on the previously assembled zwitterionic supraparti-
cles by specifically hydrophobizing only the negatively charged
regions of the supraparticle surface.
2. Materials and methods

2.1. Materials

(3-Aminopropyl)triethoxysilane (APTES) (purity >99%), decane
(anhydrous purity �99%) and Ludox TMA colloidal silica (34 wt%)
were purchased from Sigma Aldrich (Munich, Germany). Octade-
cyltrimethoxysilane (OTMS) (purity >97%) was obtained from abcr
(Karlsruhe, Germany). The silica particles with nominal sizes of
150 nm and 80 nm were purchased from Fiber Optic Center (New
Bedford, MA, USA. Detonation Nanodiamonds (G01) were pur-
chased from Plasmachem (Berlin, Germany). The experiments
were performed using double deionized water with a conductivity
of 0.04 lS cm-1 from a Synergy apparatus (Merck Millipore, Darm-
stadt, Germany) which was adjusted to pH 5 by setting a NaOH
concentration of 10�5 mol/L.
Table 1
Concentration of 80 nm particles in g/ml and the weight ratio between the APTES
coated 150 nm particles (A150) and 80 nm silica particles.

Concentration of 80 nm
particles (mg/ml)

Weight ratio
of A150:80

Number ratio
of A150:80

0.8 1:0.16 1:1
2 1:0.4 1:2.6
5 1:1 1:6.6

Table 2
Overview over particle functionalizations and assemblies.

Functionalization

Single particles
Silica, 150 nm None
Silica, 80 nm None
Silica, 150 nm APTES
Silica, 150 nm OTMS
Silica, 150 nm OTMS
Silica, 150 nm APTES and OTMS
Silica, 25 nm None
Nanodiamond Annealed in air

Assembled particles
Silica, 150 nm/Silica, 80 nm APTES/none
Silica, 150 nm/Silica, 80 nm APTES/none and OTMS
Silica, 80 nm/ND, 5 nm APTES/none
Silica, 80 nm/Silica, 30 nm APTES/none
Silica, 150 nm/Silica, 30 nm APTES/none

a Unstable dispersions in water.
2.2. APTES functionalization

The 150 nm silica particles were functionalized with
(3-aminopropyl)triethoxysilane (APTES) in order to change their
surface charge from negative to positive at pH 5. The particles were
dissolved in toluene (0.05 g/ml) using an ultrasonic bath. Using a
Schlenk set-up the dispersion was heated to 110 �C. 21 ml of APTES
for each 1 ml of solvent was added and the system was left under
medium stirring for six hours, while a flux of nitrogen gas was sup-
plied for the first 20 min. After six hours, the particles were washed
twice in ethanol and once in Millipore water with alternating cen-
trifugation/redispersion cycles. Finally, the particles were dried in
a drying cabinet at 70 �C for 24 h, resulting in positively charged
150 nm silica particles (labeled A150).

2.3. Electrostatic self-assembly

The positively charged A150 particles were dispersed in Milli-
pore water at pH 5. A separate dispersion was prepared under
the same conditions for the negatively charged silica particles with
a diameter of 80 nm (in the following denoted as 80). Then, the two
dispersions were mixed and immediately agitated with the help of
a vortex for about 30 s. Afterwards the dispersions were
centrifuged at low speed (200 rpm) for 2 min to reduce bigger
aggregates. Three mixing ratios of A150:80 were studied. The
concentration of the A150 particles was fixed at 5 mg/ml and the
concentration of 80 nm particles varied according to Table 1.

Additionally, the heteroaggregation was examined using differ-
ent particle sizes. The combination of particle sizes investigated are
summarized in Table 2. With the exception of the 5 nm sized nan-
odiamonds, silica particles were used for all experiments. The big-
ger particles were coated with APTES as described above. The
concentration of the bigger particles was fixed at 5 mg/ml, for
the concentration of the smaller particles we tested 0.005 mg/ml,
0.5 mg/mL and 2 mg/ml. Only concentrations of 0.5 mg/ml will
be shown, since the experiments with higher and lower small par-
ticles concentrations revealed no additional information.

2.4. OTMS functionalization

For the emulsions studies, a portion of the assembled particles
(A150+80) were coated using octadecyltrimethoxysilane (OTMS)
which has a hydrophobic octadecyl hydrocarbon chain that ren-
ders the particle surface hydrophobic. The negatively charged
80 nm particles are coated preferentially due to the already present
APTES coating on the 150 nm particles resulting in amphiphilic
Zeta potential at pH 5 Abbreviation

�35.5 ± 0.3 mV 150
�31.9 ± 0.6 mV 80
+31.1 ± 0.8 mV A150
/a 150+OTMS
/a 80+OTMS
/a A150+OTMS
�35.7 ± 0.7 mV
�42 ± 2.9 mV ND-

�2.7 ± 1.1 mV A150+80
/a A150+80+OTMS
/a A80+ND
/a A80+30
/a A150+30



nanoparticles. 1 g of the supraparticles were dispersed in 100 ml of
ethanol followed by the addition of 1 ml of ammonia (25%). The
solution was left with vigorous stirring at room temperature for
10 min. Then, 10 ml of an OTMS solution in chloroform (10 w%)
was added dropwise into the reaction mixture. The reaction was
left stirring for 24 h. Afterwards, the particles were separated and
washed three times with ethanol using alternating centrifuga-
tion/redispersion cycles. The amphiphilicity of the particles was
confirmed using the heptane absorption method (see supplemen-
tary information).

2.5. Emulsification test

Particle suspensions were prepared with a concentration of
1 mg/ml in 20 ml water or in decane for the particles treated with
OTMS. After that, the same volume of either decane or water was
added to the particle suspension. All samples were hand shaken
for about 30 s at the same time to create emulsions. The following
samples were prepared: bare 80 nm silica particles (80), 80 nm sil-
ica particles functionalized with OTMS (80+OTMS), bare 150 nm
silica particles (150), 150 nm silica particles functionalized with
OTMS (150+OTMS), 150 nm silica particles functionalized with
APTES (A150), A150 functionalized additionally with OTMS (A150
+OTMS), the assembled A150 particles with 80 nm particles
(A150+80) and A150+80 nm functionalized with OTMS (A150+80
+OTMS). In order to monitor the emulsion stability, pictures of
the emulsions were taken before the shaking step (0) and 1, 5,
15, 30 and 60 min after shaking.

2.6. Pendant drop interfacial dilatational rheology

To determine the interfacial dilatational rheology of the emul-
sion droplets, a pendant drop tensiometer equipped with a needle
of 0.5 mm diameter (OCA25 from Dataphysics, Germany) was
used. The setup and the methodology is described elsewhere [27].

For the rheological tests, a 6 mL drop of water in a surrounding
decane phase was analyzed. The hydrophilic particles were dis-
persed in the water phase and the OTMS-functionalized particles
in the decane phase at a concentration of 10 mg/ml. The same par-
ticle combinations were tested as in the emulsion experiments.
After determining the linear viscoelastic range at an oscillation fre-
quency of 0.5 Hz, time tests were performed at a constant fre-
quency of 0.5 Hz and a deformation amplitude of 5% dV/V for
one hour.

2.7. Particle characterization

Particle morphologies were visualized by transmission electron
microscopy (TEM, Oxford Instruments – JEOL JEM 2011 and Zeiss –
EM 900) and scanning electron microscopy (SEM, Zeiss – Supra 40).
For sample preparation, the dispersions were diluted with iso-
propanol at a volume ratio of 1:1 to reduce aggregation during dry-
ing. For SEM, a droplet of the dispersion was placed on a silicon
wafer or copper grid and dried at 70 �C for 2 h. For TEM, a droplet
of the dispersion was placed on a copper grid with Formvar film
and dried in air. The samples did not require staining or sputtering.

The size and zeta potential were determined using a Zetasizer
Nano ZSP (Malvern Instruments). The data are given as
mean ± standard deviation based on three independent
measurements.

2.8. Modeling

To investigate the detailed agglomeration mechanisms inside
the suspensions, Brownian dynamics simulations were performed
on different initially undisturbed suspension models. These models
were generated by repeatedly placing particles at equal distances
to each other into a periodic simulation box. Different particle spe-
cies were placed into different cell regions to mimic a heteroge-
neous suspension before mixing. The forces acting on the single
particles due to the influence of the surrounding solvent were cal-
culated by a Langevin thermostat as described in [4] with a
dynamic viscosity of the solvent g = 10�3 Pa s. The DLVO potential
was calculated from the above equations by using a surface poten-
tial of +35 mV for the positively charged particles and of �35 mV
for the negatively charged particles (which is approximated based
on our zeta-potential measurements), a temperature of 293 K, an
ion concentration in the solution of 10�5 mol/l and a Hamaker con-
stant of 0.46 ⁄ 10�20 J. To prevent the particles from penetrating
each other, a repulsive Hookean spring potential was applied at
particle contact and rearrangement of the particles after agglomer-
ation was disabled by applying large friction coefficients. The sim-
ulations were performed for a duration of 0.5 s by using the
LIGGGHTS simulation package [28] with a timestep of 10�9 s.
3. Results and discussion

3.1. Characterization of the supraparticles

We begin the discussion of the experimental results with a sim-
ple control experiment using unmodified silica particles with
diameters of 150 nm and 80 nm (called 150 and 80 in the follow-
ing) carrying a negative surface charge of �35.5 ± 0.3 mV and
�31.9 ± 0.6 mV at pH 5 (see also Table 2). In this case, the particles
do not aggregate and form a stable dispersion (Fig. 1a). In contrast,
when the central particles are coated with APTES (called A150 in
the following), which results in a zeta potential of +31.1 ± 0.8 mV
at pH 5, the particles immediately aggregate and form small clus-
ters (Fig. 1b).
3.2. Influence of particle ratio

The nature of the resulting clusters strongly depends on the
number ratio between these two types of particles (A150 and
80). While more number ratios were analyzed in preliminary
experiments, the ratios 1:6.6. 1:2.6 and 1:1 were chosen for further
investigation because they represent the heteroaggregation behav-
ior based around the most stable ratio of 1:2.6. A high ratio of small
particles to big particles (1:6.6) results in uncontrolled aggregation
and the formation of large clusters (Fig. 2a). This is also evident in
the intensity weighted size distribution obtained by dynamic light
scattering (Fig. 2a, right) which shows a wide curve with a median
value of 513 ± 18 nm and a broad size distribution. Since the
absorption of a high number of negatively charged particles onto
the bigger, positively charged particles leads to a charge reversal
of the resulting supraparticle, we expect that the particles aggre-
gate as soon as the surface charge of the central particles becomes
neutralized. Alternatively, in the case of an uneven absorption of
small particles, aggregation could take place between supraparti-
cles that still carry a net-positive charge and those that are already
negatively charged.

A low number ratio of A150 to 80 particles (1:1) also leads to
the formation of unstable heteroaggregates (Fig. 2c) which is most
likely caused by the small particles forming bridges that link two
A150 particles. However, the uncontrolled agglomeration is less
excessive as in the case of a high ratio. The DLS data show a fairly
high amount of stable aggregates with a size of around 300 nm
next to bigger aggregates.

At a moderate number ratio (1:2.6), the formation of stable
heteroaggregates can be achieved (Fig. 2b). Note that the TEM
images do not represent the aggregation state, since many aggre-



Fig. 1. (A) Control experiment with unmodified silica particles (d = 150 and 80 nm) with identical negative surface charge showing no agglomeration and (B) the bigger
particles (d = 150 nm) are coated with APTES resulting in a positive surface charge which leads to heteroagglomeration with the negatively charged 80 nm particles.

Fig. 2. Variation of the number ratio between positively charged 150 nm and negatively charged 80 nm silica particles. Number ratio big to small particles (A) 1:6.6, (B) 1:2.6,
(C) 1:1. Left panel: SEM micrographs, middle panel: TEM micrographs, right panel: intensity weighted size distribution determined by DLS.
gates might have formed during drying. The median hydrodynamic
radius of the resulting supraparticles is 318 ± 24 nm, which corre-
sponds very well to a central particle with a diameter of 150 nm
plus one or several 80 nm particles extending the radius of gyra-
tion (which would correspond to the maximum diameter of a cen-
tral 150 nm particle plus two 80 nm particles on opposite sites).
The intensity weighted DLS results (Fig. 2b, right) show a remark-
able absence of bigger aggregates, although the overall zeta poten-
tial of the supraparticles is very low (�2.7 ± 1.1 mV). However, we
do not observe an evenly distributed number of small particles
adsorbed to the bigger particles. Instead, supraparticles consisting
of one central A150 particle and one to six 80 nm particles are
found (see Fig. 4c for further images of stable supraparticles).
Additionally, the particles do not adsorb with an even spacing.



Conversely, the smaller particles seem to aggregate with each
other while being adsorbed on the bigger particles. The last
observation can also be seen for the unstable clusters
(Fig. 2a and c).
3.3. Influence of particle size

The same experiments were performed using combinations of
smaller particles. Mixtures of A150 and 25 nm particles (called
25 in the following), APTES coated 80 nm particles (called A80 in
the following) and 25, as well as A80 and nanodiamonds (ND) with
a diameter of about 5 nm were tested at the same range of number
ratios as the A150+80 tests described above. With none of these
combinations, stable heteroaggregates could be observed. Instead,
all samples showed very high polydispersity that prevented reli-
able DLS results. Interestingly, the TEM micrographs show that
the smaller 25 nm silica particles formed multilayer aggregates
on the bigger particles, although the electrostatic repulsion should
be considerably high due to a zeta potential of the small particles
Fig. 3. Using even smaller particles results in uncontrolled agglomeration. Particle diam
150 nm and uncoated 25 nm silica particles, and (C) APTES coated 80 nm silica and neg
of �35.7 ± 0.7 nm (Fig. 3a,b). This behavior was even more
pronounced with nanodiamonds which exhibit a zeta-potential
of �42 ± 2.9 mV. Here, small nanodiamond clusters of around
60 nm were observed absorbing to the A80 particles (Fig. 3c).
3.4. Rationalization of aggregation behavior

The aggregation between small particles that are adsorbed to
bigger particles is a phenomenon that is usually not predicted in
simulation experiments. If, during adsorption, pairwise DLVO
interactions between all particles are maintained in the same
way in solution as in vicinity to bigger, oppositely charged parti-
cles, then the small particles should repel each other at all times,
leading to an even spacing of small particles adsorbed to the oppo-
sitely charged central particle as was shown in the dynamic mod-
eling analysis (Fig. 4a). In contrast to the experimental findings, our
simulations even find a lower agglomeration tendency for the
smaller satellite particles due to the fast occupation of all connec-
tion points at the central particles.
eters (A) APTES coated 80 nm and uncoated 25 nm silica particles, (B) APTES coated
atively charged 5 nm nanodiamond particles.



Fig. 4. (A) Based on simulated pairwise DLVO interactions, the small particles should have minimum distances on the surface of the big particle based on Coulomb repulsion,
overall ionic strength I = 10�5 mol/L. (B) as (A), but with an ionic strength of I = 10�4 mol/L between the smaller particles. (C) Collage of TEM images of zwitterionic
supraparticles at a number ratio of 1:2.6 (see Fig. 2b), scale bar applies to all subimages.
Instead of the even spacing of small nanoparticles as predicted
by our modeling experiment, we observe an uneven coating and
aggregation of small particles adsorbed to the central particle
(Fig. 4c). A simple explanation for this phenomenon would be that
the adsorption of small particles to the oppositely charged bigger
particles is governed by kinetics, or in other words, that the parti-
cles stay at the position that they first adsorb without being able to
equilibrate into thermodynamically favored distances. However,
although our simulation does not allow for a rearrangement of
the particles once they are adsorbed, the small particles are able
to equilibrate their distances on account of the pair-wise interac-
tions between each particle during the adsorption process. Accord-
ingly, the kinetic approach does not seem to explain the observed
aggregation behavior.

Not modeled so far in our simulation is the change of interac-
tions between small particles during their approach towards the
bigger particle (Fig. 5). However, the influence of the ionic cloud
of the central particle on the colloidal stability of the small parti-
cles might be significant. At pH 5 the Debye-Hückel length of the
ionic cloud of an A150 particle is roughly 100 nm (Fig. 6a). Inside
the ion cloud, the ion concentration is up to 4 times higher than
in the bulk phase (Fig. 6b). This increase in ionic strength needs
to be factored in when considering the DLVO interactions between
Fig. 5. The ratio of the diameter of the electrostatic cloud around the center particle in
interaction between the adsorbing particles.
the smaller particles in close proximity to the bigger particle.
Fig. 6c shows a calculation of the DLVO interactions between two
150 nm particles with zeta potentials of 35 mV at pH 5 which cor-
responds to an ionic strength of 10�5 mol/L based on Eqs. (5)–(7)
and using a Hamaker constant for silica of 4.6 � 10�21 J [12,29,30].
The combined curve obtained from the addition of van der Waals
attraction and Coulomb repulsion represents a very stable disper-
sion with repulsive Coulomb interactions in the order of over one
hundred kBT. The combined potential between two 80 nm particles
in the bulk phase also shows a stable dispersion, albeit with repul-
sive potential that is only half as high. When factoring in the
increased ionic strength that the 80 nm particles experience in
close proximity to the bigger particles, the repulsive interactions
are again strongly reduced. Although in our calculations the repul-
sive interactions inside the ion cloud of the central particle still
dominate, the overall reduction of the potential might indicate that
the small particles could aggregate during their approach to the
central particle. This trend can be extended to even smaller parti-
cles in which case the potentials would be further reduced. Fur-
thermore, the diameter of the ion cloud is only to a small degree
dependent on the particle size if the surface potential is compara-
ble (±35 mV in our calculations, Fig. 6a and b). Hence, with smaller
particle sizes, the influence of ion cloud interactions during the
relation to the size of the adsorbing particles determines the repulsive/attractive



Fig. 6. (A) Electrostatic potential as a function of distance from the particle surface, calculated via Eq. (2), (B) and the resulting increase in ion concentration for different
particle sizes, calculated via Eq. (4). (C) DLVO potentials (vdW, Coulomb and combined) for 150 nm particles and (D) combined potentials for different particle sizes and
80 nm particles close to the surface of 150 nm particles, calculated via Eqs. (5)–(7).
studied heteroaggregation processes become increasingly more
important (Fig. 5b), which might explain the observed lack of
stable heteroaggregates with smaller particles (Fig. 3). Indeed,
applying in the simulations a tenfold increased ionic strength of
10�4 mol/L solely between the satellite particles results in strong
agglomeration of the particles and in the formation of a dense cov-
ering of the central particles with satellite particles similar to the
observations in the experiments (Fig. 4b). Of course, this first
assessment of DLVO interactions only describes a general trend
of the interaction potentials and more aspects like steric interac-
tions of the gel-like silica surface, hydration of the hydrophilic par-
ticles or even depletion interactions in the binary particle mixture
need to be taken into account for a quantitative description of this
colloidal system. Additionally, we cannot exclude the occurrence of
capillary forces that act on the adsorbed particles during drying of
the samples during TEM preparation. Capillary forces could arise in
a thinning, evaporating water film between adsorbed particles,
which would pull the particles together [31]. These capillary forces
can also act on very small particles and can be stronger than van
der Waals interactions between the agglomerated particles [32].
However, from our theoretical considerations [32–34], we find that
the range of capillary forces between hydrophilic particles with a
diameter of 80 nm or below is at maximum 3 nm. The height of
these capillary forces would be in the range of 1–5 nN for slightly
rough particles. As both the range and the height of these potential
capillary forces are thus at least one order of magnitude below the
interparticle distances between the agglomerated satellite parti-
cles and adhesion forces to the large central particle, we conclude
that capillary forces can play a role only in very rare cases. Addi-
tionally, capillary interactions are not able to predict multilayer
formation of small particles on the central particles, as was
observed by us, too (Figs. 2 and 3).
3.5. Utilization of the supraparticles as pickering emulsifiers

Finally, we tested the assembled supraparticles (A150+80) for
their ability to stabilize emulsions. To this end, a portion of the
assembled particles was partially hydrophobized using OTMS
(these supraparticles are denoted as A150+80+OTMS). Since the
central particle of the supraparticles was already treated with
APTES, OTMS functionalization occurred preferentially on the
bare silica surfaces of the 80 nm particles giving rise to
amphiphilic particles (Supporting Fig. 1). A range of additional
dispersions for control experiments were prepared as well, con-
taining the individual particles (80, 150, A150) as well as their
OTMS-functionalized pendants (80+OTMS, 150+OTMS, A150
+OTMS). The hydrophilic particles were dispersed in water, while
the hydrophobic particles were dispersed in decane. The oppo-
site liquid phase was added and all mixtures were shaken at
the same time. First, it can be immediately observed that the
hydrophilic particles give rise to water-in-oil emulsions, while
hydrophobic and amphiphilic particles stabilize oil-in-water
emulsions (Fig. 7). Second, emulsion stability varies greatly with
nanoparticle type. The zwitterionic supraparticles (A150+80)
clearly show the best ability to stabilize emulsions in this exper-
iment, as basically no coalescence is observed 1 h after shaking.
SEM images of the stabilized emulsion droplets reveal that the
supraparticles form a cohesive layer on the droplet surface rem-
iniscent of a colloidosome [35], which indicates that the zwitte-
rionic supraparticles are able to form interlocking aggregates at
the droplet interface (Supporting Fig. 2). The hydrophobized
150 nm silica particles are all able to stabilize the emulsions,
although the assembled particles (A150+80+OTMS) show the
least amount of stabilization. In this case emulsion stabilization
seems to benefit from the higher hydrophobicity of the individ-



Fig. 7. Pickering emulsions of water and decane using different particles as a function of time after emulsification (0 min: right before shaking). The zwitterionic
supraparticles show the best ability to stabilize emulsions. The emulsions are reversed when hydrophobic or amphiphilic particles are used. However, purely hydrophobic
particles are better Pickering emulsifiers than the amphiphilic supraparticles.
ual OTMS-coated particles. Since the stabilization of Pickering
emulsions is a function of the radius r based on the well-
known formula

DE ¼ pr2cð1� j cos hjÞ2 ð8Þ

with the stabilization energy DE, the interfacial tension c and the
contact angle H, the smaller 80 nm particles stabilize the emulsion
to a lesser extent [36].
3.6. Dilatational interfacial rheology of adsorbed supraparticle films

The interfacial films formed during the stabilization of the
decane-water emulsion droplets were further studied via dilata-
tional rheology using an oscillating pendant drop setup. This set-
up allows the direct observation of the dynamic interfacial tension
which corresponds to the Gibbs elasticity of the surface. When the
droplet surface area is oscillated, the two-dimensional dilatational
rheological moduli of the droplet interface can be computed from



Fig. 8. Interfacial dilatational rheology using the pendant drop method. Time tests
with (A) A150+80, (B) A150+OTMS 80, (C) A150 and (D) A150+OTMS.
the frequency and amplitude of the oscillation combined with the
phase shift between the surface area oscillations and those of the
surface tension of the droplet interface. While, in pendant drop
measurements, the interfacial rheological data on the structure of
interfacial films is superimposed by dynamic de-and adsorption of
surface active components during the measurements (so-called
Gibbs-Marangoni effects), the set-up presents a well-established
model-system to assess emulsion stability. Our experiments there-
fore observe changes in the interfacial rheology of water droplets in
decane caused by the adsorption of nanoparticles. Since the adsorp-
tion of nanoparticles to the interface should be significantly slower
than the oscillations of the surface area of the droplet, the resulting
graphs mostly represent the formation of nanoparticle films at the
droplet interface. In the case of the assembled supraparticles
(A150+80), it was possible to observe the growth of a stabilizing
interfacial film (Fig. 8a). This further confirms the assumption that
the zwitterionic supraparticles are able to form an interlocking,
cohesive layer at the droplet interface. Although the amphiphilic
supraparticles (A150+80+OTMS) are only able to stabilize emul-
sions to a lesser extent, the pendant drop results indicate the forma-
tion of a cohesive interfacial film, as well (Fig. 8b). However, the
complex elastic moduli are smaller than those of the zwitterionic
particle filmwhich explains the inferior emulsion stability. All other
particles do not show the formation of a cohesive interfacial layer as
is indicated by the chaotic results (only shown here for A150 and
A150+OTMS, Fig. 8c and d). Here, emulsion stabilizationmost likely
proceeds via the reduction of the interfacial energy as per the above
described Pickering law (Eq. (8)).

4. Conclusion

In summary, we investigated the electrostatic assembly of small
colloidally stable supraparticles via electrostatic heteroaggrega-
tion. Although predicted theoretically [4,5], well-defined and col-
loidally stable supraparticles on the nanoscale could be realized
only in special cases through heteroaggregation [22,23]. In contrast
to the expected well-ordered particles, our supraparticles consist
of a central APTES-coated silica particle with a diameter of
150 nm and one to six uncoated silica particles with diameters of
80 nm. Furthermore, the particles are adsorbed at seemingly ran-
dom distances from each other including aggregates of the small
particles with each other. Accordingly, instead of producing one
type of homogeneous supraparticle, we created a reproducible
ensemble of supraparticles that exists as a colloidally stable disper-
sion. As discussed above, we hypothesize that the aggregation of
the small particles can be explained in part by considering the
DLVO interactions of the small particles inside the ion cloud of
the bigger central particle. In future work, more in depth dynamic
Modeling will be explored to substantiate this aspect. Finally, we
found that this ensemble of zwitterionic supraparticles is able to
stabilize emulsions much more efficiently than the individual par-
ticles of the assembly by forming interlocking particle films at the
droplet interface. While similar findings have been reported for
random agglomerates of positively and negatively charged parti-
cles [6,7], our approach allows a well-controlled tailoring of the
particle ensemble with a patchy surface structure which can either
be zwitterionic or amphiphilic. In this respect, we demonstrated
that the relatively unordered ensemble of supraparticles is able
to show well-defined functionality at a higher hierarchical level,
which hearkens back to the definition of an ensemble in
thermodynamics.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jcis.2017.04.076.
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