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Abstract
We report methods to synthesize sub-micron and micron-sized patchy silica particles with uorescently-labeled hemispherical titania protrusions, as well as routes to
eciently characterize these particles and self-assemble these particles into non-closepacked structures. The synthesis methods expand upon earlier work in literature, in
which silica particles packed in a colloidal crystal were surface-patterned with a silane
coupling agent. Here, hemispherical amorphous titania protrusions were successfully
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labeled with uorescent dyes, allowing for imaging by confocal microscopy and superresolution techniques. Confocal microscopy was exploited to experimentally determine
the numbers of protrusions per particle over large numbers of particles for good statistical signicance, and these distributions were compared to simulations predicting the
number of patches as a function of core particle polydispersity and maximum separation between the particle surfaces. We self-assembled these patchy particles into open
percolating gel networks by exploiting solvophobic attractions between the protrusions.

INTRODUCTION
Patchy particles are colloidal particles with site-specic directional interactions

13

and, when

subjected to Brownian motion, they are model particles analoguous to atoms with a valency

4

on a scale which is accessible to optical microscopy techniques. Patchy colloids have seen
a steep rise in interest in the last decade
types of bonds

4,27

and phases.

2,2841

Until

526

∼5

on account of their potential to form new

years ago, experimental realization of patchy

particles and in particular of their predicted phases lagged far behind theoretical descriptions,
however recently experimental systems have started to catch up with theory and computer
simulations. Firstly, the lag was due to the diculty of synthesizing particles with multiple
well-ordered patches (i.e.

multivalent particles).

Few synthetic methods allow to modify

colloids site-specically, especially in bulk. Most recent experimental systems presented are
in fact still limited to Janus spheres, dumbbells and rods

27,4245

which can nevertheless result in very rich phase behaviour.

and two-patch systems,

29

A dierent strategy that can

be used to create rich phase behaviour is mixing patchy and non-patchy particles or mixing
various types of patchy particles.
now been introduced.

4753

16,46

A few beautiful systems with multiple patches have

Particle polydispersity, which is the variability in size and shape

of particles and patches, also decreases the extent to which theory and experiments can be
compared. Secondly, experiments lagged behind theory due to the diculties in creating the
required interaction strengths and depths to create the desired selectivity.

2

54

In the past ve

years, however, patch-patch interactions have been created through mechanisms as diverse
as DNA interactions,

14,18,49

wetting-induced forces,

58

supramolecular chemistry,

14,55,56

surface-liquid capillary bridging

59

solvophobic interactions,

and click reactions.

60

29,57

The studies

referenced taken together demonstrate important progress in recent years in the synthesis of
patchy particles and the inter-particle interactions required to create new phases.
A practical diculty in studying multivalent patchy particles is that, to accurately study
such systems by imaging techniques in real time, in 3D and

in situ, it is essential to be able

to distinguish the core and the patches in the imaging technique used. Many details that
would be available from a quantitative real space analysis and would allow direct comparison
with theory and simulations would not be available through the use of scattering techniques.
This point is rather underexposed in the struggle to synthesize monodisperse systems with
the desired interaction strengths, and will be addressed in the current work.
Even with the progress in experimental realization of patchy particles, there are still
unexplored or underexplored predictions and aspects rst introduced by theoretical calculations and simulations studies, such as the behaviour of patchy particles at low volume
fractions,

28,61

out-of-equilibrium,

62,63

and on substrates

6467

. In this work we focus on par-

ticles with high co-ordination numbers of up to twelve patches, which are also regularly
placed, reecting neighboring particles inside a colloidal crystal. Several recent theoretical
studies have addressed self-assembly of patchy particles with high coordination numbers. For
example, Reinhardt

et al.

found that these can form regular/crystalline structures through

patch-patch interactions, however the free-energy barrier to nucleation is considerably higher
than for e.g. tetrahedral particles, requiring higher supersaturation.

68

Newton

et al.

demon-

strated that patchy particles with a higher valency but weaker interactions form structures
with fewer defects than particles with a lower valency and stronger interactions.

69

Moreover,

a number of theoretical studies have shown that patchy particles of intermediate and high
valency can form low-density gel networks.
tally in clay particle dispersions,

74

25,28,7073

Such systems were observed experimen-

and we will touch upon the creation of such systems

3

in this work as well. Another concept that was initially introduced in a theoretical paper
is that of inverse patchy particles (IPCs),

15,7577

where patches adhere to the anti-patch of

other patchy particles. Experimental examples of IPCs have recently been presented by van
Oostrum

et al. 78

and Sabapathy

et al. 79

In this paper, we describe the development of a system of multivalent patchy particles
with distinguishable uorescently-labeled cores and protrusions, the large-scale quantitative
characterization and analysis of these systems using confocal microscopy, as well as the selfassembly of these patchy particles into gel structures. Our synthesis methods extend upon
earlier work by Wang

et al. 47 and by Bae et al , 48 who grew, respectively, (non-labeled) silica

and titania protrusions onto silica colloids. In the methodologies developed by these groups,
use was made of the fact that for touching particles in e.g. a packing of ball bearings the
coordination numbers and local symmetries can be determined by poring a paint in and
letting this dry, a method followed by Bernal and others many decades ago.

80

The reason

being that the dried paint could not reach into the regions where particles touched or were
very close to touching (the diameter of the rings formed were even a measure of how close the
particles were). In the procedure we used, the paint is replaced by a silane coupling agent
that can coat the silica surface exposed, but not where particles are touching each other. We
used crystalline packings of the silica colloids, however, clearly the method can immediately
be applied to create less regular patch distributions if we instead had used glasses, where the
number of neighbors is almost the same as that in close-packed crystals.

81

After the coating

reaction, the silica particles in the close-packed colloidal crystals can still be redispersed as
single particles if enough energy is used, for instance by sonication and if the size is larger than
several hundred nm such that shear can create strong enough forces. Already the redispersed
system is composed of patchy colloids as the bare and silane coupling agent covered surfaces
have dierent properties, like surface tension and charge density. It has been shown that by
the right choice of silane coupling agent, both extra silica and/or titania can be deposited
specically onto the bare silica patches forming patches with also a geometric component

4

to the patchiness. We demonstrate how confocal microscopy, using the uorescent labeling
of cores and patches, can be harnessed to quantitatively analyze the numbers of patches
per particle for large numbers of patchy partices. As we expected the number of patches to
be strongly aected by polydispersity, we compared our experimental results and analysis
to numerical simulations; we nd good agreement. Finally, with the silane modied silica
core and pristine titania patches, we explored attractions caused by both van der Waals
forces and opposite surface charges, in the presence of generally low ionic strengths, enabling
charge repulsions to also play a role. We study the self-assembly of these patchy particles in
low-polar solvents, and nd that the colloids form open, percolating structures, where the
dispersion medium determines the nature of the patch-patch interactions.

5

RESULTS & DISCUSSION
Silica protrusions on sub-micron and micron-sized partices
Following Wang and coworkers,

47

silica particles were chemically patterned by immersing a

a

b

c

d

Typical transmission electron microscopy (TEM) micrographs of silica
particles with silica protrusions fabricated by the annealing method with a silane coupling
Figure 1:

agent [3-methacryloxypropyltrimethoxysilane (MPTMS)] patterning
and micron-sized core particle sizes.

47

for sub-micron-sized

(a) Silica protrusions on a sub-micron silica particle

(average particle size 411 ± 4 nm, polydispersity 4 %). The black dots are gold markers for
the tomographic reconstruction. (b) Surface rendering of a tomographic reconstruction of the
particle in

a

obtained via electron tomography. (c) TEM micrograph of a uted rod with 6

protrusions. The dotted line serves as a guide to the eye for the edge of one of the protrusions.
(d) Silica protrusions on micron size silica particles (1.43 ± 0.02 µm, polydispersity 2 %). The
◦
annealing temperature during synthesis was 500 C (10h) for this sample. Scale bars denote
(a) 100 nm, (c) 300 nm and (d) 500 nm.

6

dried (and thus close-packed) and annealed colloidal crystal of sub-micron size particles in
an ethanolic reaction medium containing the silane coupling agent 3-methacryloxypropyltrimethoxysilane (MPTMS). After the colloidal crystal was redispersed as single particles by
sonication, well-dened silica protrusions were grown onto these patterned colloids, with
little to no silica deposition elsewhere on the colloid's surface (the `antipatch').

Typical

images of the product particles are shown in Figs. 1a,b. For several particles, all protrusions
were visualized by means of Electron Tomography (ET),

82

see Fig. 1b and Supplementary

Videos SV1-3. This technique circumvents the occlusion of the bottom of the particle that
occurs in Scanning Electron Microscopy (SEM),

48

and to our knowledge ET is used here for

the rst time on such patchy particles. In agreement with ref. 48, the number of protrusions
on each particle was in general below twelve (Figures S1,S2), the coordination number in
a close-packed colloidal crystal of purely monodisperse spheres.

Possible causes for this

discrepancy between the maximum and the observed number of protrusions per particle
are crystal defects in the colloidal crystal used for synthesis,

83

and more importantly the

fact that the colloids from which these patchy particles were synthesized were not perfectly
monodisperse,

48

a point which we will discuss in more detail later.

To demonstrate the versatility of the approach, we also prepared patchy rod-like silica
particles in this manner. In short, rod-like particles developed in our group

84,85

were allowed

to sediment and form a smectic phase, and the colloidal crystal of rods was dried, annealed,
and treated with MPTMS. After redispersion of the particles, silica was grown onto the
non-modied patches, resulting in uted rod-like particles with silica wings (Fig. 1c and
SI2/Fig. S3).
The synthesis procedure was also extended to silica core particles larger than a micron
(Fig. 1d and SV2), because larger colloids and larger patches are more suitable for quantitative 3D uorescence microscopy studies.

81

In micron-sized particles, we observed com-

paratively more protrusions when the colloidal crystal was annealed at a lower annealing

◦
◦
temperature (600 C instead of 750 C) (Fig. S4), most likely because there is less shrinkage

7

of the particles at these reduced temperatures.
hydrous' synthesis route (see

Methods )

8688

In further experiments we used an `an-

that avoids annealing by using an apolar solvent as

reaction medium for surface functionalization of the colloidal crystal (since colloidal silica
crystals were found to redisperse too easily upon immersion in more polar solvents). This
anhydrous synthesis route avoided particle shrinkage and this observed variability, while in
addition enabled uorescently labeled silica particles to remain uorescent.

a

b

c

Figure 2:

Patchy silica particles with dye-labeled titania protrusions fabricated by the

anhydrous method with an octadecyltrimethoxysilane (OTMS) patterning.

(a) Confocal

micrograph of OTMS-patterned silica particles (core particle size 1085 ± 5 nm in ethanol
(SLS)) with an FITC-labeled core (depicted in green) and RITC-labeled titania protrusions
(depicted in red) in cyclohexyl chloride (CHC). Inset: TEM micrograph of one such particle. (b) Confocal micrograph of OTMS-patterned silica particles with an FITC-labeled core
(depicted in green) and DEAC-SE-labeled titania protrusions (depicted in blue) in CHC. (c)
Confocal micrograph of mixture of the particles used in (a) and (b). The scale bars denote
2 µm and (inset) 200 nm.

Fluorescently-labeled silica protrusions
Van Blaaderen and Vrij incorporated a uorescent dye derivative (uorescein isothiocyanate,

8

FITC) into spherical silica particles by covalently coupling the dye to the silane coupling
agent (SCA) 3-aminopropyltriethoxysilane (APTES), and allowing the conjugate to cocondense with the silica precursor.

89

FITC was incorporated selectively into silica protrusions

using this method (SI3/Fig. S5). Initially, however, the APTES-FITC conjugate facilitated
silica growth on the antipatch, which was coated with MPTMS, most likely due to the positively charged amine group adsorbing also to the negatively charged antipatch. This excess
silica growth reduced when the MPTMS grafting step was performed twice and the protrusions became well-dened. Nevertheless, a monolayer of attached FITC dye was still visible
as a ring around the particles. This same issue occurred for an MPTMS grafting applied
via the anhydrous route. A surface-patterning of SCA octadecyltrimethoxysilane (OTMS)
instead of MTPMS, applied via the anhydrous route, did produce acceptable patch shapes
and successfully prevented binding of APTES-dye conjugates, showing that OTMS molecules
provide sucient steric hindrance to shield the silica surface from dye-APTES conjugates
forming siloxane bonds with the SCA coated surface. Surface-patterning with OTMS has
the additional advantage that it creates a larger dierence in hydrophobicity between the
patch and the antipatch, increasing the chemical patchiness. However, the dispersability of
OTMS-grafted particles in ethanol was low, and undesirable particle clustering takes place in
the Stöber-like reaction mixture during protrusion growth, possibly aecting the protrusion
shapes. Therefore, the dye-labelling method was further optimized as described below, by
inltrating titania protrusions with dye-SCA conjugate.

Fluorescently-labeled amorphous titania protrusions
Amorphous titania protrusions were grown onto MPTMS- and OTMS-patterned silica particles by hydrolysis and condensation of the titania precursor titanium IV butoxide (TBT).
In contrast to Bae and coworkers,

48

48

we did not observe a deterioration of the titania pro-

trusion shape due to magnetic stirring. Occasionally, loose hemispherical protrusions were
encountered in TEM images (see Fig. 2a, inset), most likely dislodged due to internal stresses
caused by heating and/or densication by the electron beam.

9

90,91

Such an eect was pre-

viously observed by Demirörs

et al.

in silica-titania core-shell particles, where the titania

core became movable upon annealing.
fully labeled

post synthesis,

fully condensed titania,

92

92

These amorphous titania protrusions were success-

aided by the high microporosity of the amorphous and not

by inltration with APTES-dye conjugate resulting in a covalent

attachment of the dye rhodamine isothiocyanate (RITC) to the titania. These patchy particles were imaged

in situ

by confocal microscopy, where protrusions and cores were clearly

distinguishable (Fig. 2a).
For future in-depth studies on the phase behaviour (e.g.
'Self-assembly ...

gelation, see also section

interactions' for more detail) of the patchy particles, it is interesting to

have dierent dyes correspond to a specic type of surface ligand on the protrusion. The
UV-excitable uorescent dye 7-diethylaminocoumarin-3-carboxylic acid succinimidyl ester
(DEAC-SE) was also incorporated into the titania protrusions (Fig. 2c). Trau
this dye previously at a silica surface.

93

et al.

studied

DEAC-SE is amino-reactive and therefore was co-

valently linked to titania in the same way as the isothiocyanates FITC and RITC, i.e. via
coupling to APTES and inltration

post-synthesis.

With DEAC-SE emitting in the blue,

these three dyes taken together allow to study mixtures of patchy particles (Fig. 2c).
Next we investigated whether the protrusions of the patchy particles could be characterized in-situ by the super-resolution microscopy techniques Stimulated Emission Depletion
(STED) and Photo-Activated Localization Spectroscopy (PALM). A dye for PALM was selectively attached to the protrusions,

94,95

see SI5 (Fig. S7). However, the improvement in

resolution was modest compared to conventional confocal microscopy (Fig. S6) as the silica
core and titania protrusions vary considerably in refractive index (n = 1.45 vs. n = 1.55

96

)

such that these patchy particles cannot be completely index-matched. In future studies, it is
therefore interesting to prepare all-titania patchy particles with a titania core and protrusions
to benet from increased resolution from STED or PALM.

Crystalline titania protrusions
For potential use in catalysis

97

or active matter,

10

23,97,98

it is of interest to convert the amor-

phous titania protrusions into crystalline polymorphs, as can be achieved by annealing.
Non-labeled titania protrusions (Fig. S8) deformed in this process (Fig. S9a).

In contrast,

particles with titania protrusions that had been inltrated with APTES-RITC were suc-

◦
cessfully annealed without any distortion of the protrusions (2 h at 500 C, Fig. S9b). This
dierence in structural integrity is a result of the APTES forming an organosilica scaolding
inside the titania mesoporous structure, c.f.

Demirörs

et al.

who observed that spherical

amorphous and not fully condensed titania particles decrease as much as 40% in diameter

◦
92
at 650 C due to the collapse of the porous structure,
while titania spheres inltrated with
silica shrink considerably less.

96

To examine the crystallinity of the annealed dye-labeled titania protrusions, selected
area electron diraction (SAED) was performed (Fig. 3).

◦
Protrusions annealed at 500 C

diracted the electron beam into rings, indicating the presence of a form of polycrystalline
titania.

Apparently, the silica does not intervene chemically at these temperatures and

remains dispersed independently in between the crystallites, as already noted in ref.

96.

◦
Annealing for 8 h instead of 2 h at 500 C produced slightly more pronounced rings. Protru◦
sions annealed at 900 C displayed diraction spots rather than rings, indicating that these
consisted of fewer crystalline domains with respect to the 274 nm area used to obtain the
diraction pattern.

◦
Annealing at 1100 C produced diraction spots only; this titania is

predominantly monocrystalline. In short, higher annealing temperatures increase monocrystallinity in these titania protrusions, more so than longer annealing times do.
The electron diraction patterns are in line with anatase titania (see SI7), although the

◦
scarcity of diraction spots in the SAED pattern of particles annealed at 1100 C prevents
conclusive identication of this titania polymorph. The monocrystallinity of these protrusions nevertheless showed in their faceting (Fig. 3e) and Bragg reections in dark eld TEM
(Fig. S10).

Quantifying and modeling patch growth using TEM micrographs
To quantify the protrusion growth and evaluate quantitatively the eects of particle polydis-

11

Not sintered

500°C, 2h

500°C, 8h

900°C, 2h

1100°C, 2h

a

b

c

d

e

f

g

h

i

j

Figure 3:

Crystalline titania protrusions.

Close-ups (top row) and electron diraction

patterns (bottom row) of patchy particles with APTES-RITC labeled titania protrusions
annealed at various temperatures and annealing times: (a)/(f ) no annealing; no diraction
◦
◦
◦
rings or spots appear (b)/(g) 2 h at 500 C; (c)/(h) 8 h at 500 C; (d)/(i) 2 h at 900 C; (e)/(j)
◦
2 h at 1100 C. Scale bars denote 50 nm.

persity, protrusion widths

w

and heights

both silica and titania protrusions,
eter

σ̄ .

w

h were measured in TEM micrographs (Fig. 4).

For

increases as a function of average core particle diam-

Note that here the error bars in the vertical direction denote not the measurement

uncertainty but the standard deviation of

w

or

h, that is, a polydispersity δw (δh ) in the pro-

trusion width (height). The protrusion width for particles of 411 nm with silica protrusions
prepared via the annealing method (w = 99 nm,
by Wang

et al.

δw = 11 nm)

for 415 nm particles (w = 95 nm,

annealing method

47

had larger widths

w

agrees well with that observed

δw = 13 nm). 47

Particles prepared by the

than those prepared by the anhydrous method,

which is conform expectations since sintering broadens the contact areas.
We analyze the results in a simple model for the patch formation by assuming that
patches result from size exclusion of the SCA from the contact areas in the crystal (Fig. 4c).
In detail, the SCA molecule cannot reach the particles' surface from a location where the
distance to the surface is longer than its stretched length

12

d.

The volume containing such

positions around a particle of radius

R

intersection of the shells (patch radius

is a shell of radius

w/2

The patch is formed by the

indicated in green), yielding a patch width

−1



w = 2R cos

Based on atom-atom bond lengths and angles
molecule is 1.9 nm.

R+d.

99

R
R+d

w

of:


(1)

the maximum length of a stretched MPTMS

The experimental values for silica patch widths (without sintering),

however, are better described by the curves of predicted patch sizes for

d = 4 nm, see Fig. 4a.

A plausible reason is that the SCA molecules form oligomers before attaching to the surface,
resulting in a larger eective size

d.

In addition, surface roughness is not taken into account

in this simple model. OTMS molecules (of maximum stretched length 3.3 nm) are larger than
MPTMS molecules and this explains why titania protrusion widths correlated best with an
even larger eective size
Protrusion heights

h

d = 12 nm

(Fig. 4b).

for silica patches remained nearly constant with core particle di-

ameter (Fig. 4a), whereas an increase was expected (see SI7 for a calculation). For titania
protrusions,

h did increase with particle diameter.

This dierence can not be attributed to a

larger amount of precursor [we added 9 µmol TES versus only 0.3 µmol TBT per milligram
silica particles]. We tentatively attribute this discrepancy to TES hydrolysis and condensation in base-catalyzed solutions continuing beyond the two hours of reaction time.

100102

Despite the addition of the TES happening over 11 h, possibly not all added TES condensed
over the subsequent 2 h of reaction time.

Number distributions of patches/protrusions per particle: theory and experiment
The number of protrusions on a patchy particle can be determined accurately using electron
tomography, as we performed in Fig. 1b.
large number of particles.

However, this technique is too laborious for a

When cores and protrusions are labeled with dierent dyes,

confocal microscopy becomes a powerful tool to study large numbers of patchy particles.
We demonstrate here that confocal microscopy can be used (1) to reconstruct dispersions

13

a

b

c

d
Figure 4:

Protrusion dimensions: widths and heights.

(circles) and heights

(a) Average patch widths

h (squares) as a function of core particle diameter σ̄

w

for patchy particles

grown via the annealing method (blue) and via the anhydrous method (black). The patch
sizes of the `annealed' (blue) series are plotted against the particle diameter as measured

σ̄ .

Error bars for the average

particle diameter are generally smaller than the symbol size.

Error bars in the vertical

after annealing, which is responsible for the slight oset in

direction are standard deviations of the patch size measurements, i.e. a `polydispersity' in
the patch size. Dashed lines are ts to Eq 1 for
size of titania protrusions

48

as a function of

σ̄ .

d = 4 nm

and

d = 6 nm.

(b) Average patch

Blue symbols indicate an OTMS patterning,

and black symbols an MPTMS patterning. The dashed line is a t to Eq 1 for
(c) Schematic indicating the parameters used to predict protrusion widths.
radius,

d

is the size of the grafting molecule, and

Schematic indicating how patch width

w

θ

81

is the particle

is opening angle of the patch.

and patch heights

of patchy particles to observe their 3D structure

R

d = 12 nm.

h

(d)

were measured.

and (2) to extract meaningful data such

as the distribution of protrusions per particle and the symmetry of the patches around each
core, reecting the local symmetry inside the colloidal crystal from which they originated.
Supplementary video SV4 shows a confocal z-stack of patchy particles (silica core particles
of diameter 1085 nm and 1% polydispersity, with titania protrusions) in dodecanol (n = 1.44

◦
at 20 C, nearly matching silica), which we refer to as sample

A.

Figure 5a shows a single slice

from this stack. The frames of the 3D stack can be split into images with only cores (Fig. 5b)
or only protrusions (Fig. 5c) on account of the dierent labelings.

A tracking algorithm

was developed with which the positions of particle cores and protrusions within the stack

14

a

b

c

e

d

f

Tracking and particle tting from a 3D confocal data set, and experimental
patch number distributions. (a) Single slice in a 3D confocal stack of patchy silica particles
Figure 5:

with dye-labeled titania protrusions in dodecanol. Scale bar denotes 4 µm. The full stack
is displayed in Supplementary Video SV4. FITC-labeled cores are displayed in green and
RITC-labeled protrusions in red.

(b,c) The same image as in (a) split by the imaging

channels, resulting in (b) mostly cores and (c) only protrusions. There is a slight bleedingthrough of the FITC into the RITC channel. (d) Computer-rendered reconstruction of the
dispersion, obtained by smoothing, thresholding and tracking the image frames split by
channel as in b,c. This image displays all core particles (green) and patches (red). (e) Patch
number distributions obtained from the particle tracking the dispersion of patchy particles
(Fig. S11). (f ) Histogram of the angles between all protrusions on each particle, for the same
dispersion as in (e).

were determined, and a digital directory of these positions created. By attributing to the
core and the protrusions radii

d1

and

d2,

known from TEM measurements, a computer-

rendered reconstruction of the dispersion was then obtained. The algorithm was rst tested
on a sparse sample of patchy particles (Fig. S11a,b) and subsequently used to track and
reconstruct sample

A

(Fig. 5d, and full gure in Fig. S11c).
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a

b

c

d

Figure 6:

Patch number distributions as calculated by simulations

p.d. = 0 % - 5 %

and cut-o distance (a)

d = 0.001 σ̄ ,

(b)

d = 0.01 σ̄

and (c)

vertical axis is discontinued at 25 % for clarity in panels (a) and (b).

for particles of

d = 0.1 σ̄ .

In the legends, the

average number of patches per particle is indicated in brackets for each distribution.
Patch number distributions as calculated by NPT simulations for particles of
comparing the distributions for three dierent cut-o distances

The
(d)

p.d. = 3 %,

d.

The average number of protrusions per particle follows immediately from the number of
cores and protrusions found by the tracking algorithm. For sample

A, tracking revealed 1194

cores and 5994 patches, or an average patch number of 5.0. To establish how the protrusions
are distributed over the core particles, each protrusion was assigned to its closest core. A
cut-o distance of 1.5σ̄/2 for the maximum allowed distance of a protrusion to a core was
also determined (Fig. S11d). Subsequently, the number of protrusions was counted for each
core, yielding the histogram in Fig. 5e for sample

A.

The histrogram reveals a distribution

centered around 5 protrusions per particle, with an FWHM of

16

≈2

protrusions/particle, a

point we will come back to later.

The angles between any two protrusions on each core

particle were also extracted, yielding the histogram in (Fig. 5f ). The distribution displays

◦
◦
◦
clear peaks at 60 , 90 , 120 , which correspond well with the bond angles in an FCC colloidal
crystal. Most likely the colloidal crystal also contained glassy areas, since the peaks in the
bond angle distribution are broad. The resolution of the distribution also does not allow to
discern whether there is a contribution of hexagonal close packed (HCP) order, which would
be visible as additional peaks or shoulder peaks at 108

◦

◦
and 146 .

Nevertheless, these

data show that the protrusions are indeed located at the points of contact in a close-packed
colloidal crystal, even though in TEM images this order is dicult to discern due to the low
average number of protrusions per particle (5.0).
To further put these experimental results into perspective, patch number distributions
were predicted by simulations (see

Methods

for computational details). The inuence of two

particle characteristics were examined: the size polydispersity of the core particle, denoted

p.d.,

and the maximum `allowed' separation between the particle surfaces that still results

in patch formation, called the cut-o distance

d.

Fig. 6a shows simulated patch number

distributions for a xed cut-o distance of 0.1% of the average core particle diameter
and varying

p.d.

σ̄

For a purely monodisperse system, all particles possess twelve patches

(black graph), as expected in a close-packed crystal.

For higher

p.d.,

the patch number

distribution quickly drops to lower average patch numbers of around 5 patches per particle.
This nding is in agreement with the experimental results in Fig. 5, and explains why in
general the presented synthesis method will not yield `perfect' particles with 12 patches.
For larger cut-o distances

d,

the decrease in average patch number with increasing

p.d.

is

smaller (Figs. 6a-c). This becomes even better visible in Fig. 6d, where the patch number
distributions are displayed for a xed

p.d.

(3%) but varying

d.

particle shifts to higher values for increasing cut-o distances

The number of patches per

d,

in accordance with our

model in Fig. 4.
We compare our experimental results to these simulations. We estimate the experimental
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cut-o distance for the core particles of the sample in Fig. 5 to be
(since

σ̄ = 1085 nm

the tted

and

d = 12 nm

d = 3 nm - 12 nm

in Fig. 4b).

For

d = 0.003 σ̄

-

d = 0.011 σ̄

based on OTMS stretched length of 3.3 nm and

p.d. = 1%,

the simulations predict a patch number

distribution centered around 6 patches per particle (with an average of 4.9) for

d = 0.001σ̄ ,

and a distribution centered around 8-9 patches per particle (with an average of 8.4) for

d = 0.01σ̄

(Figs. 6a-b).

That is, the experimentally observed distribution with an average

of 5.0 patches per particle is in agreement with the expected patch numbers based on the
simulations, but only when the stretched length of the polymer is taken as the cut-o distance
rather than their tted eective size. An explanation for the discrepancy is that domain walls,
point defects and cracks were not taken into account in the simulations. On the experimental
side, small patches (e.g. with a cross section smaller than one pixel) may not be recorded in
the confocal microscope or not counted in the tracking algorithm. The possibility that some
titania grows beyond the edges of the patch, hence increasing the tted eective size of the
grafting molecule, can not be excluded either.

Self-assembly of patchy particles via solvophobic interactions
Patchy silica particles with titania protrusions can potentially sustain patch-patch interactions. In low-polar media, the OTMS chains are solvated and provide steric stabilization, and
in addition cause the antipatches to repel each other via a steric interaction. The titania protrusions, on the other hand, do not have a steric stabilization to counteract the van der Waals
attractions among them, and this possibly creates patch-patch attractions. In addition, the
particles' surfaces may carry charge from (remaining) terminal OH groups at the patches
and protrusions, causing charge-related attractions or repulsions. Here, we manipulated the
interactions between patchy particles (with titania protrusions and OTMS patterning on the
antipatch) by dispersing them in cyclohexyl chloride (CHC) and 1,2-dichloroethane (DCE).
The potential patch-patch interactions are based on van der Waals interactions, hence irreversible in character, and therefore these particles are expected to form gels rather than
crystalline structures upon self-assembly via such interactions. Moreover, the complex col-
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loids presented here possess a comparatively wide distribution of the number of patches per
particle, hence even in the case of reversible interactions, gel structures would be expected
for this particular system of patchy particles.

Figure 7:

a

b

c

d

Patchy particles and component species in CHC and DCE.

(a) Patchy

particles (silica core of 1.0 µm, with OTMS patterning and RITC-labeled titania protrusions)
dispersed in (a) CHC and (b) DCE, after turning the sample upside down for confocal
imaging.

(c) OTMS-grafted silica and RITC-labeled titania in CHC. The surface charge

was negative on the silica and positive on the titania. (d) OTMS-grafted silica and RITClabeled titania in DCE. The surface charge was positive both on the silica and the titania.
A gaussian lter was applied to all images to reduce noise.

Both in CHC and in DCE, percolating open gel phases were indeed observed for these
patchy particles (see Fig. 7a,b and Supplementary Videos SV5,6).

To investigate the na-

ture of the inter-particle interactions, we mixed dispersions of (non-patchy) OTMS-grafted
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silica particles with dispersions of RITC-inltrated titania particles.

In deionized CHC,

the OTMS-grafted silica particles formed a hexagonal long-ranged crystal

103,104

indicating a

strong electrostatic repulsion, while RITC-labeled titania particles aggregated. When mixed,
the silica particles adhered to the titania clusters in this medium (Fig. 7c and Supplementary
Video SV7). This observation implies that in dispersions of patchy particles

in CHC,

the

protrusions stick to the antipatch (and likely also to other titania protrusions, that is, the
particles behave only partially as `inverse patchy particles'

15,7577

). In DCE ,on the other

hand, the titania particles also formed large aggregates, but the two types of particles did
not adhere to each other (Fig. 7d and Supplementary Video SV8). It is therefore likely that

in DCE

the protrusions adhere exclusively to other protrusions; a patch-patch interaction.

To gain further insight into the charge interactions in the systems, the electrophoretic
mobility of titania particles and OTMS-grafted silica particles were measured in both these
low-polar media using laser Doppler electrophoresis.

Since RITC absorbs the laser wave-

length (633 nm), non-labeled titania was used as an indication of the sign and order of
magnitude of the charge. While the titania particles were positively charged in both DCE
and CHC, the OTMS-silica particles were negatively charged in CHC and positively charged
in DCE (SI9/Fig. S12). Therefore, it is likely that

in CHC

the (positively charged) titania

protrusions stick to the (negatively charged) OTMS-silica cores.

In contrast,

in DCE

all

constituents are positively charged, and since the particles form a network, most likely the
titania protrusions adhere to other protrusions. Such a patch-patch attraction could have
a partially solvophobic character given the absence of alkane chains, and van der Waals
attraction will certainly also contribute given the dielectric constant mismatch.
The gel structure in DCE (as well as the one in dodecanol, Supplementary video SV4
and Fig. S13) illustrates the prediction by Bianchi
with small

hM i

patchy particles," (here

hM i = 5.0)

et al.

in ref. 28: it is foreseeable that,

disordered states in which particles are

interconnected in a persistent gel network can be reached at low
phase separation."
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T

without encountering

SUMMARY
We prepared patchy particles with silica and titania protrusions by extending upon the works
of Wang

et al. 47

and Bae

et al. 48

For the case of silica protrusions, we made the following

advancements. Through an anhydrous grafting method of the silane coupling agents used
to cover the exposed silica surfaces, we were able to eliminate the need for a temperatureinduced annealing step in the synthesis route. A uorescent dye was incorporated into the
protrusions via the method of van Blaaderen

et al., 89

for which it was important to use a

patterning of the silane coupling agent OTMS to cover free silica surfaces and to prevent
binding of the dye conjugate to the antipatch. Electron micrographs were used to examine
how the size of the protrusions depends on core particle size and synthesis route. A simple
model was used to estimate how the diameter of the protrusions was dependent on the
core particle diameter in a way consistent with size exclusion of (oligomers of ) the grafting
molecule from the contact areas. We also extended the synthesis method to silica rods, which
resulted in uted rodlike particles with up to six wing-shaped protrusions along the length
of the rods.
The following advancements were made for the case of titania protrusions. Titania protrusions were covalently labeled

post synthesis

with various uorescent dyes (FITC, RITC

and DEAC-SE) by inltration of the porous titania with dye-APTES conjugate, rendering
the particles suitable for confocal microscopy. DEAC-SE is a blue-emitting dye which was
used for the rst time here to label colloidal particles for confocal microscopy.

The pro-

trusions were also successfully labeled with the rhodamine derivative Cage 552 and imaged
by the super-resolution technique PALM. True nanoscopy resolutions as obtainable through
STED confocal microcopy were not achieved, most likely because of the negative eect of
the scattering titania patches on the point spread function.
Patchy particles with titania protrusions inltrated with rhodamine-APTES were an-

◦
nealed at temperatures up to 900 C, which converted the protrusions to anatase titania
(most likely within a silica matrix) with excellent preservation of the protrusion shapes. The
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domain sizes of crystallites increased with annealing time and temperature. These ndings
are potentially useful for catalytic processes and self-propelling particles.
We performed simulations in which randomly distributed polydisperse particles on facecentered cubic colloidal crystal lattices were compressed, to simulate our experimental procedure. In these simulations, size polydispersity and maximum particle-to-particle separation

d

(representing the grafting molecule size, but also kinetic factors such as the probability

to diuse into small crevices) were taken into account.

As expected, a small polydisper-

sity (1%) already had a large inuence on the average number of patches per particle: the
median patch number shifted from 12 for perfectly monodisperse particles to 6 for the case
of

d = 0.001σ̄ .

Fluorescent labeling enabled us to experimentally determine the number of

patches/protrusions per particle in our samples in a much more facile way than by electron
tomography, namely by analyzing 3D confocal z-stacks. A particle tracking and bond order
analysis algorithm was used to render the structure of the particle dispersions and extract
patch number distributions and the local symmetries around each particle on which the
patches formed. For a sample of core particle dispersity 1%, an average patch number of
5.0 was found (1194 counted cores). The patch number distribution was centered around 5
patches per particle, close to the prediction from simulations for a cut-o distance of 0.001σ̄
(distribution centered around 6 patches per particle). The angles between the protrusions
agreed with the bond angles of an FCC lattice.
According to the simulations, a particle core polydispersity below 0.5% is required to
approach 12 patches per particle in future studies (for silane-coupling agents in nm size range
and colloids of several hundred nm in diameter). Alternatively, a cut-o distance

d

close to

0.1σ̄ may be used, however, experimentally, kinetic eects may prevent longer molecules
from diusing into the colloidal crystal.

A third route to increase the number or patches

could be the use of more deformable particles, such as silica shells.

105,106

Centrifugation

techniques such as in refs. 107109 may be applied in future research to separate particles
of dierent patch numbers. In a glassy system, the volume fraction and number of contacts
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among colloids may even be slightly higher than in a colloidal crystal,

110

so colloidal glasses

could be used to increase the patch number and/or to obtain patchy particles with more
than twelve patches.

However, the distribution of the patches on the particles would be

much more random, making it not possible to self-assemble into more regular, crystalline
arrangements.
Finally, we showed that patchy silica particles with titania protrusions form gel structures
in the low-polar solvents DCE and CHC. The steric stabilization provided by the SCA
grafting prevents the silica surfaces/core particles from adhering to each other, leaving the
possibility that the patches adhere to other patches or to the antipatch. The nature of the
inter-particle interactions was further investigated by mixing silica spheres and dye-labeled
titania and OTMS-grafted silica spheres separately in CHC and in DCE. We found that
both types of particles are positively charged in DCE, while in CHC the OTMS-grafted
silica was negatively charged and the titania positively charged. Therefore we posit that in
CHC protrusions adhere to the antipatch or to other protrusions due to the absence of a
hydrophobic grafting and sucient charge stabilization, and in DCE to other protrusions
only (a patch-patch interaction).
In short, we developed a system of patchy particles with protrusions that can be imaged
and characterized by confocal microscopy. Towards this goal, the particles had a uorescent
dye incorporated into or selectively attached to the protrusions. The inltration with SCA
also rendered the titania protrusions stable against annealing, which may be important for
applications in catalysis and active matter. We exploited the uorescently labeled patchy
particles to obtain the dispersion structure in 3D from confocal z-stacks, and to extract data
on the numbers and symmetries of protrusions per particle, in this way being able study
much larger numbers of particles than via electron tomography. The experimental data were
compared to simulations predicting the number of contact points in a colloidal crystal as a
function of core particle polydispersity
and showed good agreement.

p.d.

and the cut-o distance for patch formation

d,

Finally, we illustrated in several preliminary examples that
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it is possible to quantitatively investigate, using confocal microscopy, the self-assembly of
these patchy particles in low-polar index-matching media.

Open gel-like structures were

observed in several cases, where attractions between patches on the particles were present
next to charge and steric repulsions between other parts of the particles of which each role in
the structures being formed warrants further research. From these preliminary self-assembly
studies, it is clear that a broad range of shorter and longer ranged repulsions between dierent
parts of the particles can be present next to attractions between the patches (and possibly
other parts of the particles). This allows a broad range of conditions that can be probed by
exploiting dierences in solvents on the charging behavior and ionic strength. It is also clear
that the methodology used can be extended to amorphous packing of the particles used,
giving almost identical patch numbers, but with a much less regular distribution over the
particle surface, allowing the role of symmetry of the patch distribution to be investigated
as well.

METHODS
Materials
Solvents used were ethanol (absolute, Merck), ethylene glycol (≥99.5 wt.%, Fluka), acetone
(pro analysis, Merck) and toluene (≥99.5 wt.%, Sigma Aldrich). Water was deionized with
a MilliQ system (Millipore Corporation) and had a resistivity of at least 18.2 MΩcm. The
catalysts aqueous ammonia (∼25 wt.%) and n-butylamine (99.5 wt.%) were purchased from
Sigma Aldrich. Silane coupling agents used were: (3-aminopropyl)triethoxysilane (APTES,

≥98%,

Sigma Aldrich), 3-methacryloxypropyltrimethoxysilane (MPTMS,

≥98 wt.%,

Sigma

Aldrich, is also known as `TPM' for `3-(trimethoxysilyl)propyl methacrylate') and octadecyltrimethoxysilane (OTMS, 95% [85% n-isomer], ABCR GmbH & Co via Gelest, Inc.). Precursors tetraethylorthosilicate (TES, 98 wt.%) and titanium (IV) butoxide (TBT, 97 wt.%)
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were obtained from Aldrich. The dyes uoresceine isothiocyanate (FITC,

≥90 wt.% (HPLC))

and rhodamine B isothiocyanate (RITC, mixed isomers) were ordered from Sigma Aldrich,
while 7-diethylaminocoumarin-3-carboxylic acid succinimidyl ester (DEAC-SE) was purchased from Thermo Fisher. All chemicals were used as received without further purication.
Sintering for the synthesis of silica particles with silica protrusions was carried out in a
Carbolite AAF ashing furnace, while a similar Carbolite oven with type 301 controller was
employed to anneal patchy particles with titania protrusions.

For high power sonication

(to break up and redisperse sintered colloidal crystals) we employed a Vibra-Cell ultrasonic
processor (750 W) from Sonics & Materials, Inc. Syringe pumps applied in the silica protrusion growth step were from KD Scientic, models KDS-410 (single syringe pump) and
KDS-200-CE (double syringe pump). IKA RH Basic stirrers were used for magnetic stirring
during silica growth.

Synthesis of silica particles with silica protrusions
Fluorescently-labeled silica seeds were prepared by the method introduced by Van Blaaderen
and Vrij.

89,111

A non-uorescent silica shell was grown onto the seed particles according to the

continuous growth method by Giesche,

et al. 113

112

which is a modication of the method by Bogush

Colloidal crystals were then prepared from the silica colloids as follows. Particles in

the size range of 0.20 - 1.1 µm and of polydispersity

≤6% were dispersed in ethanol at volume

fractions 1-5 %. They were allowed to sediment in 20 mL vial with a at bottom and form
a at, close-packed (FCC and/or HCP) crystal.

114116

After crystal formation, the vial was

opened and the ethanol was left to evaporate at room temperature.
To pattern the particles' surfaces with MPTMS,
ceramic cup inside a calcination furnace.

47

pieces of crystal were placed in a

◦
The particles were annealed at 750 C for ve

hours with one hour heat-up and cooling-down time. To coat the free surfaces of the particles,
50 mg of annealed colloidal crystal were placed into a reaction mixture of 40 mL ethanol, 1.5 g
H2 O, 0.50 mL silane coupling agent MPTMS and 1.0 mL aqueous ammonia. The mixture
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was left for 24 hours in quiescent condition. The colloidal crystal was then washed ve times
with ethanol to remove non-reacted silane coupling agent. For a

double

MPTMS grafting,

the crystal was dried under a stream of nitrogen, and the same coating step repeated The
crystal was broken up into individual particles in ethanol using an ultrasonic processor (at
25% amplitude for 0.5 h and with pulses of 5 s at 1 s intervals). Crystals larger than a few
millimeters in diameter were broken up into smaller pieces with a spatula prior to sonication,
as we found that such large crystals did not break up through sonication within a reasonable
time span (2 h).
To grow silica protrusions onto MPTMS-patterned particles, we used the method of
Wang

et al., 47

however, all volumes were ve times smaller: to 8.0 mL of a dispersion of

patterned silica particles were added 1.00 g water and 0.20 mL aqueous ammonia. The silica
content was not adjusted for particle size, but kept at 0.50 g/L. A TES solution (8.0 µL
TES in 8.0 mL ethanol) was added under magnetic stirring at a rate of 0.72 mL/h, using
a syringe pump.

For micron-sized particles, the total amount of TES solution added was

increased to 16.0 mL, still added at a rate of 0.72 mL/h. In one experiment, the inuence
of extended protrusion growth on MPTMS-patterned particles was studied. In this study, a
total volume of 24 µL TES in 24.0 mL ethanol was added under magnetic stirring (still at a
rate of 0.72 mL/h). After 17.3 mL of precursor solution had been added, 0.30 mL of aqueous
ammonia was added to compensate for the dilution of the ammonia concentration by the
added TES/ethanol mixture.
We found that the annealing step can be circumvented by carrying out the grafting step
in an apolar solvent such as toluene; we call this grafting method the `anhydrous' route. A
dried colloidal silica crystal was not found to redisperse when placed in toluene, probably as
a result of the hydrophilicity of the particle surface. We typically placed
reaction mixture

117,118

∼20 mg crystal in a

of toluene (10.0 mL), butylamine (1.0 mL) and silane coupling agent

MPTMS or OTMS (1.0 mL). The butylamine acts as a catalyst, analogously to ammonia in
the Stöber-like method. The colloidal crystal was left in the reaction mixture for 24 h. The
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◦
crystal was washed once with toluene, and placed in an oven at 100 C for one hour to ensure
complete condensation of the silane coupling agent with the silica surface. Two additional
washing steps with toluene and three with ethanol followed. Finally, the crystal was placed
in ethanol and broken up by sonication with an ultrasonic processor (0.5 h at an amplitude
of 25% and with pulses of 5 s at 1 s intervals).

Fluorescently labeled silica protrusions
To grow silica protrusions with a uorescent dye incorporated, either a double MPTMS
grafting via a Stöber-like method or an OTMS-grafting via the `anhydrous' route was needed,
in order to prevent silica growth on the antipatch region.

The crystal was dried under

nitrogen, weighed, and broken up into single particles by sonication in ethanol with the
high-power ultrasonic processor. A dispersion of 0.50 mg/mL surface-patterned particles in
ethanol was then prepared.

To 1.5 mL dispersion we slowly added two solutions, both at

a rate of 67.5 µL/min: 1.5 mL of a solution of TES and 1.5 mL of a solution of dye. The
TES solution consisted of 2.0 µL/mL TES in ethanol. The dye solution was prepared using
a recipe based on refs. 89 and 111, by rst letting 5.0 mg APTES and 5.0 mg FITC react in
312 µL ethanol in the dark for 8 hours, and then diluting 15.0 µL of this solution in 10.0 mL
ethanol. These two solutions were added to the reaction mixture with a syringe pump from
separate syringes, and under magnetic stirring. After all TES solution and dye solution had
been mixed in, the reaction mixture was left to stir for ve more hours, and the particles
were washed with ethanol until no coloration of the supernatant was observed.

Growth of titania protrusions
Titania protrusions were grown according to the method by Bae

et al. 119

We prepared

a solution of 200 µL TBT in 30 mL of ethylene glycol and stirred it for 12 h - 24 h.
OTMS-patterned (anhydrous route) particles (1.12

± 0.01 µm)

Dry

were dispersed in acetone at

a concentration of 2 mg/mL. To 40 mL of this dispersion, we added 100 µL water (needed for
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hydrolysis of the TBT). Under magnetic stirring, we then added 0.5 mL of the TBT solution.
The reaction mixture was left stirring overnight and the patchy particles were collected by
centrifugation and washing with ethanol.

Fluorescent labeling of titania protrusions by inltration with APTESdye conjugates, and annealing
The titania protrusions were successfully labeled with a uorescent dye

post synthesis.

A

solution of RITC (or FITC, or DEAC-SE) conjugated to APTES was rst prepared as
follows: to 20 mg RITC (or FITC, or DEAC-SE) were added 1 g (1.27 mL) ethanol and 20 µL
APTES, after which the solution was stirred overnight. To 10 mL of a dispersion of the silica
particles with titania protrusions, 100 µL aqueous ammonia and 40 µL dye solution were
added. The APTES-RITC (or APTES-FITC, or APTES-[DEAC-SE]) conjugate molecules
can penetrate the porous titania and react with the surface OH groups, as already shown
before by Demirörs

et al. 96

The dispersion was shaken for two hours. The residual dye was

washed away by centrifuging and replacing the supernatant with fresh ethanol until not
visibly colored with dye anymore (>3 washing steps).
Some of the nal particles were annealed with the objective of converting the amorphous
titania protrusions into crystalline titania. Particles were dried in a ceramic cup and placed
in a calcination furnace under ambient conditions. The furnace was heated to the desired

◦
◦
◦
◦
temperature (500 C, 900 C or 1100 C) at a heating rate of 9 C/min. After annealing for
the desired time, the furnace was left to cool by itself.
beaker with 40 mL of ethanol.

The ceramic cup was placed in a

The beaker was placed in a sonication bath to collect the

annealed particles in the form of a colloidal dispersion in ethanol.
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Characterization of particle and protrusion sizes by Transmission
Electron Microscopy (TEM), and electron tomography
The shape of patchy particles was examined by transmission electron microscopy (TEM) with
a FEI Tecnai 10 or Tecnai 12 microscope, at respective acceleration voltages of 100 kV and
120 kV. High-Resolution Transmission Electron Microscopy (HR-TEM) and Selected Area
Electron Diraction (SAED) were performed on a Tecnai 20 FEG (FEI) at an acceleration
voltage of 200 kV. Home-made TEM grids were used as sample holders (preparation: cf. ref.
120, on G200-Cu grids by Electron Microscopy Sciences). The particles were dropcast onto
the grids and dried from ethanol. Scanning electron microscopy (SEM) images were obtained
utilizing a table-top Phenom or a Nova Nanolab 600 (FEI).
Particle and patch sizes were obtained from TEM images via the software program

iTEM

(version 5.0, Olympus Soft-Imaging Solutions Corp.). As uncertainty in the particle diameter, we used the standard deviation of at least ten diameter measurements on a single
particle, while the standard deviation of measurements on dierent particles was used as
the polydispersity. Patch widths and heights were estimated by drawing line segments tangentially and orthogonally (respectively) to the core particle through the patch projection.
Each patch size measurement was averaged over at least twenty counts of dierent patches.
The standard deviation of these measurements was used as a `polydispersity' of the patch
size.
For some particles we determined the 3D shape by electron tomography (see ref. 121,
122). Electron tomography is a technique with which the 3D morphology of an object can
be determined by repeated TEM imaging and sample rotations.

All images are Fourier

transformed and combined. The Projection Theorem states that the 2D Fourier transform
of a 2D image is equal to a 2D slice through a 3D Fourier transform of a 3D image.

123125

A 3D inverse Fourier transform of the combined slices therefore yields a 3D image of the
particle surface. The quality of the reconstruction depends on the total range of tilt angles
over which the 2D images were acquired.

Here, the tilt angle ranged between
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−60 ◦

and

+60 ◦

recorded at intervals of 1

◦

◦
-2 .

Zeta potential measurements
Zeta potential measurements were performed on a Malvern ZetaSizer Nano ZS machine,
which measures mobilities by means of laser Doppler micro-electrophoresis. Since the measurements involved inorganic sovents, a Malvern `dip cell' probe and a fused glass cuvette

◦
were empoyed. Mobility measurements consisted of 50-100 runs at a temperature of 25 C
and a voltage of 40 V. For data acquisition, we used Malvern Zeta Sizer software version 5.1.

Characterization by confocal microscopy
Confocal images were recorded on a Leica SP8 confocal microscope with a 100x oil immersion objective (Leica HCX Plan Apo STED Orange, designed for the purpose of STED
microscopy, NA = 1.4). This confocal microscope was tted with a white light ber laser; the
wavelengths 495 nm and 543 nm were selected to excite FITC and RITC dye, respectively.
The microscope was equipped with two types of detectors: photomultiplier tubes (PMT)
and hybrid detectors (HyD ) developed by Leica. HyD detectors combine a traditional PMT
with an avalanche photo diode (APD), resulting in a higher sensitivity and signal-to-noise
ratio for these detectors.

Fluorescent signals from the dyes were recorded on such

HyD

detectors. For imaging of particles with DEAC-SE dye, we used a similar microscope set-up
equipped with a 405 nm diode laser. Samples were either prepared by lling a borosilicate
capillary (VitroCom no. 5010 or no. 5012,

n = 1.474

at 589.3 nm) or by building a sample

cell from cover slips (Menzel Gläzer, no.1) as in ref. 126. The capillaries were sealed with
Norland Optical Adhesive no.68, which was cured under UV light (e350 nm). Immersion oil
(Leica, Type F,

n = 1.52)

was used between the sample and the confocal lens in all confocal

imaging.
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Particle tracking routine
An iterative particle tracking procedure was used to extract particle positions from 3D
datastacks. After a Gaussian smoothing, the color channels were incrementally thresholded
and the centre of mass for each patch was determined using Wavemetrics 3D particle tracking
implemented in

Igor Pro 8.

For each particle found, the coordinates were recorded, the local

background around the patch was determined and a Gaussian shape was tted in {x, y, z}
to determine the width and amplitude of the patch intensity. Subsequently, a Gaussian spot
of equally intensity and size was subtracted from the dataset and the threshold was lowered
again until all patches were found.

Patches and cores were paired by nding the nearest

core for each patch with a distance cuto of
and

rpatch = 125)

rcuto = 800 nm

(since for sample

A, rcore = 540

to ensure that all protrusions are captured and free-oating/non-paired

protrusions are ignored. Finally, patch number distributions are calculated, as well as for
each core particle the angles between each of its patches. The coordinate le was rendered
in

POV-ray

version 3.7.

Simulations of patch number distributions
Monte Carlo simulations in the isothermalâisobaric ensemble (known as `NPT') were
performed to investigate to what extent the obtained patch number distributions are aected
by polydispersity and maximum inter-particle separation (that still allows for size exclusion
of the grafting molecules).

Briey, the initial conguration for each simulation was an

FCC lattice with a volume fraction slightly above 0.5 and a log-normal distribution for
a specic size polydispersity. The total system size was N = 2048. The conguration was
then compressed until the volume fraction remained constant.

5

of 10

Each simulation consisted

cycles, and per cycle on average one attempt was carried out to change the volume

by N-1 attempts to move a randomly chosen particle (with N = 2048).
hard spheres (approximated by using a Yukawa potential with
inverse Debye length and

σ

The particles are

κσ ≈ 1000,

where

κ

is the

the average particle diameter) with a Yukawa potential and a
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contact energy of

kB T = 81.

Simulations were carried out for particle polydispersities 0%,

1%, 2%, 3%, 4% and 5%, with ve independent simulations per polydispersity value.
particle (of radius
radius

R1 )

A

was assumed to have a patch when the distance to its neighbor (of

R2 ) was smaller than R1 + R2 + d, in which d is a cut-o distance that depends on the

grafting molecule size (i.e. the maximum distance between the surfaces of the particles which
still excludes the grafting molecules due to their nite size). `Rattlers', i.e. particles that
could still move in a cage of other particles, were not moved downward in these simulations
as they would experimentally on account of gravity. Simulations were performed for three
values of

d:

0.1%, 1% and 10% of the average particle diameter. The simulations returned

the coordinates of the particles in the nal conguration and, more importantly, histograms
of the number of patches per particle (patch number distributions).
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