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ABSTRACT: The self-assembly of colloidal particles is a route to designed materials
production that combines high ﬂexibility, cost eﬀectiveness, and the opportunity to
create ordered structures at length scales ranging from nano- to micrometers. For
many practical applications in electronics, photovoltaics, and biomimetic material
synthesis, ordered mono- and bilayers are often needed. Here we present a novel and
simple way to tune via external parameters the ordering of heterogeneously charged
colloids into quasi two-dimensional structures. Depending on the charges of the
underlying substrate and of the particles, a rich and versatile assembly scenario takes
place, resulting from the complex interplay between directional attractive and
repulsive particle−particle and particle−substrate interactions. Upon subtle variations
of the relative charge of the system components, emerging via pH modiﬁcation,
reversible changes either from extended aggregates to a monomeric phase or from
triangular to square domains are observed.
KEYWORDS: Inverse patchy colloids, heterogeneously charged particles, self-assembly, charged substrates,
quasi two-dimensional conﬁnement
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assembly, oﬀering a tremendous variety of functional materials.
Control over the interparticle interactions can be achieved by
varying the particle architecture or the properties of the
microscopic solvent in which colloidal particles are dispersed,9
while in multicomponent colloidal systems, the variety of selfassembly scenarios can be further broadened by the disparity in
the properties of the diﬀerent species.10−12 As a consequence of
their larger size, colloids are relatively susceptible to the
inﬂuence of external ﬁelds. In quasi-two-dimensional geometries, ﬁeld-directed assembly of colloids has resulted in, for
instance, self-healing membranes13 and perfectly hexagonal
planar domains.14−16 By exposing multicomponent dispersions
to external ﬁelds and/or nematic solvents, more exotic
structures with triangular-packed, square-packed, Kagome, and
honeycomb arrays can be assembled.17−19 Additionally,
light20,21 and magnetic22 ﬁelds that exhibit intensity variations
on the length scale of individual colloids can be used to shape
the energy landscape, thus steering the assembly into aperiodic
or quasi-crystalline structures. Local order can also be imposed
by patterned substrates.23
Another route to produce ordered colloidal arrays rests on
anisotropy-driven self-assembly. By manipulating the shape
and/or the surface properties of the colloids, interparticle
interactions can indeed be designed to be direction-dependent.
Convex, anisometric particles display interesting phases when

ow-dimensional systems, built-up by units of speciﬁc, welldeﬁned particle arrangements, are of paramount relevance
in the wide ﬁeld of functional materials with applications as
antireﬂection coatings, biosensors, data-storage devices, lithography masks, catalysts, or optical and photovoltaic devices.1−4
The quality and the reproducibility of the desired properties of
these materials strongly depend on how accurately one can
steer their production process, which often consists of tailored
self-organization mechanisms, possibly supported by the
presence of a substrate. The realization of mono- and bilayer
assemblies on surfaces is governed by a delicate balance
between a multitude of factors, including the properties of the
assembling units, the physical and/or chemical characteristics of
the underlying, smooth, or patterned surface, and the relative
strengths of the interparticle and particle−substrate interactions.
At the atomic level, the production processes of a wide range
of surface structures5−7 are deﬁned and delimited by many
phenomena, such as the electronic properties of the entities
involved (i.e., atoms and molecules), hydrogen and covalent
bonding, or dipolar coupling. At the colloidal level, the
possibilities of rational materials design are enhanced by the
ability to tune, in a controlled fashion, the interactions between
the entities involved as well as the size of the self-assembling
units. The colloidal size can be chosen from the nanometer up
to the micrometer scale, thus introducing a length scale
comparable to the wavelength of light in the self-assembled
products, which can acquire interesting photonic properties.8
The interparticle interactions themselves can be designed
during the particle synthesis and further modiﬁed during
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Figure 1. Panels A1−A6: typical simulation snapshots of the two investigated types of IPCsi.e., overall charged (left column) and neutral (right
column) particles, as labeledunder tight conﬁnement between two parallel walls; the top wall is always neutral, while the bottom wall can be either
neutral (panels in the central row, labeled with ZwZp = 0) or charged (panels in the top and bottom rows, labeled with ZwZp < 0 and ZwZp > 0,
respectively). Particles are colored according to the number of bonded interactions: two particles are deﬁned as bonded when their pair interaction
energy is less than zero; the corresponding color code is displayed at the bottom of the A-panels. Panels B1−B3 and C1−C3: the eﬀects of a sudden
change in the particle charge, showing the energy per particle (left column) and the two-dimensional order parameters Φ4 and Φ6 (right column) as
functions of MC steps; in both columns, panels in the central row refer to the case ZwZp = 0, while the top and the bottom rows show the results of
the case ZwZp < 0 and ZwZp > 0, respectively. Each panel is divided into three sections by vertical dashed lines indicating the switch (i) from charged
to neutral particles and (ii) from neutral to charged particles, as labeled. In each distinct section, isolated units (panels B1−B3) or signiﬁcant parts
(panels C1−C3) of the corresponding structures are reported as insets. The rectangle highlighted inside the snapshot of charged IPCs when ZwZp >
0 (C3, third section) delimits the region where particles have a square arrangement, in contrast to the triangular arrangement that characterizes the
overwhelming part of the system. In panels B1−B3, the particle−particle ecc and the particle−wall ecw energies are reported separately, as labeled. In
panels C1−C3, the order parameters Φ4 and Φ6 are shown, calculated according to eq 1.

loose conﬁnement conditions. For the theoretical modeling of
the interparticle and particle−wall interactions, we employ a
microscopic-based, coarse-graining procedure developed in refs
35 and 36. The parameters of such potentials and the features
of the conﬁnement are speciﬁed in Section I of the Supporting
Information together with the details about the Monte Carlo
simulations used to study the aggregation processes of the
selected systems. Experimental systems that feature inhomogeneously charged surfaces are diverse: they include, e.g., PbS−
Au4 nanostructures and PbS−Aun nanocubes,37 the recently
synthesized spotted vesicles,38 viral capsids, and virus-like
nanoparticles.39,40 In the latter case, the overall particle charge
can be controlled via pH modiﬁcations,39 allowing for a tuning
of both their propensity to act as assembly sites for viral capsids
and their functionality as building blocks for two-dimensional
self-assembly into ordered structures.39,41
The variety of the identiﬁed assembly scenarios is
summarized in panels A1−A6 of Figure 1 for systems under
tight conﬁnement, and it demonstrates that the selforganization of IPCs can be triggered by controlling the
competition between the attractive and repulsive interactions
involved. Changes in the vertical direction correspond to a
change of the wall charge Zw, whereas those in the horizontal
direction pertain to a modiﬁcation of the overall particle charge
Ztot = Zc + 2Zp, where Zc is the charge of the bare colloid
(without the patches) and Zp is the charge of a patch. Mere
inspection of Figure 1 provides evidence of a broad variety of
self-assembled conﬁgurations: the scenarios range from a ﬂuid-

conﬁned to quasi two-dimensional geometries: depending on
the colloidal shape a variety of superstructures has been
reported, such as cubic monolayers, ﬂuid-like membranes that
are comparable to those of lipid bilayers, and monolayers of
octapods with a rich phase behavior. 24−26 Anisotropic
interactions can also originate from heterogeneous particle
surfaces, featured in colloids commonly referred to as patchy
particles.27,28 Patchy systems have been recently observed to
self-organize into an planar Kagome lattice with well-deﬁned
structural properties.29 The great potentialities oﬀered by
patchy systems are furthermore enhanced if the patches are
sensitive to an external drive. Under the inﬂuence of electric or
magnetic ﬁelds, formation of chains, staggered chains, or close
and loosely packed two-dimensional crystals are obtained,
depending on the ﬁeld intensity and/or frequency.30−34
Here we propose a novel, yet unexplored route to steer in a
reliable and reversible manner the self-assembly of colloidal
particles in quasi two-dimensional systems. This control is
achieved via moderate modiﬁcations of a few, experimentally
accessible external parameters. We consider colloidal particles
with heterogeneously charged surfaces, so-called inverse patchy
colloids (IPCs),35 with two charged, broad polar caps (patch
opening angle γ = 60°) and an oppositely charged equatorial
region; a schematic IPC is represented in Figure 1 of the
Supporting Information. Depending on the charge balance
between the diﬀerent surface regions, IPCs can be overall either
neutral or charged. An aqueous solution of IPCs is conﬁned
between two horizontal, parallel planes either under tight or
3413
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neighboring particles. Triangular aggregates with such a grainlike bonding pattern are referred to as “g-triangles” (panels B1/
B2/B3 of Figure 1, both sides). Via simple reasoning it is
possible to understand why the formation of the g-triangles is
not aﬀected by the charge of the substrate: (i) when ZwZp = 0,
the IPCs self-organize in such a way that the interparticle bonds
are saturated in an optimum way; (ii) for ZwZp < 0, the patch−
wall attraction is overruled by the interparticle bonding
mechanism behind the grain-like pattern and, since the
equatorial regions carry charges of the same sign as the wall
charge, the entire particle cluster is repelled from the substrate
such that it “ﬂoats” above the bottom wall; (iii) in the case
ZwZp > 0, the interparticle bonds are again saturated by an
essentially horizontal grain-like particle arrangement, but in
contrast to case (ii) the attraction between the equatorial
regions of the particles and the substrate leads to the adsorption
of the domains to the bottom wall. Such an adsorption leads to
a reduced rotational mobility of the particles and is thus mainly
responsible for smaller domains as compared to cases (i) and
(ii) where the distance between the domains and the substrate
is considerably larger. A more detailed analysis of the
translational and orientational order characterizing the diﬀerent
self-assembled structures under tight conﬁnement is reported in
the Supporting Information.
The characteristic and pronounced diﬀerences in the selforganization scenarios of neutral and charged IPCs for a ﬁxed
wall charge call for a deeper investigation aimed to understand
if and how the morphology of the aggregates can be reversibly
tuned. To this end, we simulate a charging−decharging process
of the particles as it can be realized in an experimental system
by modifying, for instance, the pH value of the solvent.39 On
changing the pH of a solution, the association/dissociation rate
constants on the diﬀerent regions of the particle surface are
modiﬁed. As a consequence of the induced change between the
relative charges of the poles and the equator for each IPC, the
overall particle charge is modiﬁed. Since a pH change is as fast
as the H+ ion diﬀusion and the ion diﬀusion is at least 2 orders
of magnitude faster than the diﬀusion of isolated particles in the
nanometer range, we are allowed to mimic the eﬀect of a pH
modiﬁcation by suddenly changing the interaction parameters
at a given MC step. It is worth noting that IPCs in the
monomeric state between neutral walls diﬀuse one particle
diameter in about 13000 MC steps, while in the self-assembled
states the diﬀusive dynamics of the nanoparticles is much
slower.
The ensuing changes in the system are quantiﬁed by
recording some key properties as functions of time (i.e., MC
cycles) along the charging−decharging−charging process,
namely, the particle−wall energy (ecw), the particle−particle
energy (ecc), and the order parameters Φ4 and Φ6, the latter
ones being deﬁned as42

like, disordered phase of isolated particles to various extended
structures composed of linked domains that feature a multitude
of internal, both translational and orientational, types of order.
Such particle networks characterized by short-range order and
long-range disorder have been referred to as microcrystalline
gels in ref 36. There, narrower patches of angular extent γ = 30°
and γ = 45° have been considered, resulting, in many occasions,
into disordered structures or in local hexagonal, grain-like
ordering. Here, the broad patch angle γ = 60° brings forward a
wealth of novel features: the local arrangement is always
ordered, but the type of ordering varies from grain-like to
ﬂower-like to square patterns. Moreover, we demonstrate that
one can reversibly switch between the diﬀerent types of local
ordering via modiﬁcation of the particle− or wall−properties,
the switching occurring either in a direct way or through a
pathway passing via a single, disordered structure.
In view of the rich aggregation behavior, it is appropriate to
start from the simplest situation, where overall neutral particles
are adsorbed on a substrate that carries a charge such that ZwZp
< 0 (panel A2). The attraction between one of the patches and
the substrate in combination with the mutual repulsion
between the equatorial regions of neighboring particles induces
a disordered, ﬂuid-like arrangement of isolated ICPs with their
symmetry axes oriented perpendicular to the substrate (panel
B1 of Figure 1, middle).
Switching oﬀ the wall charge allows the particles to optimize
their mutual arrangement and assemble into a gel-like network
of crystalline domains with a characteristic internal structure
(panel A4): while spatially arranged in a simple triangular
lattice, particles self-organize into a complex orientational
pattern. The spatial and orientational features of the aggregates
guarantee that the energy of the conﬁguration is minimized via
an optimal bonding between the polar and the equatorial
regions of neighboring particles. By pure visual inspection it is
possible to identify hexagonally ordered domains where rings of
six particles with horizontally oriented symmetry axes host in
their center a single particle in an up-right position. Triangular
domains with such a f lower-like bonding pattern are referred to
as “f-triangles” (panel B2 of Figure 1, middle).
When the wall charge has the same sign of the patch charge,
i.e., ZwZp > 0, polar patches are repelled by the substrate and
IPCs with their axes parallel to the walls are energetically
favored, meaning that the most advantageous particle
orientation is not compatible with the f-triangle structure.
Due to the competition between the attractive and repulsive
components of the interparticle and particle−substrate
interactions, T-shape (i.e., mutually orthogonal) conﬁgurations
of neighboring particles emerge so that the horizontal particle
orientation and the formation of interparticle bonds are both
guaranteed, leading on a larger scale to a square lattice (panel
B3 of Figure 1, middle). This dramatic structural change
between the triangular and the square scenario is induced by a
relatively small wall charge, namely, |Zw| ≈ 0.05|Zp|.
The corresponding cases for overall charged particles (with
ZtotZc > 0) are summarized in panels A1, A3, and A5 for the
three choices of the wall charge. Irrespective of Zw, the system
forms a microcrystalline gel where the particles arrange in
triangular domains, whose size is slightly dependent on the
charge of the substrate: ordered regions become smaller as we
change ZwZp from a negative to a positive value. In all three
cases, the orientational vectors of the particles are predominantly oriented along the horizontal direction and form an
angle of approximately 60° with the symmetry axes of the

Φn =

1
N

N

∑
i=1

1
Nn

Nn

∑ exp(inθij)
j=1

(1)

where N is the total number of particles, Nn is the number of
nearest neighbors of particle j, θij is the angle between the ijparticle bond vector and an arbitrary direction in space, and n =
4 or 6. Data recorded along a full charging−decharging−
charging cycle are shown in panels B1−B3 and C1−C3 of
Figure 1 complemented by the corresponding characteristic
3414
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inducing thereby a signiﬁcant spatial and orientational
reordering. These rearrangements are realized while the
particles keep their vertical positions strictly in a well-deﬁned
monolayer adsorbed on the substrate. During the transformation of grain-like conﬁgurations into square domains
the induced, initial and moderate increase in ecc levels oﬀ to a
value that is slightly larger than the ecc-value of the hexagonal
equilibrium structure; concomitantly, the order parameter Φ4
increases and saturates at a value close to ∼0.9, which is lower
than the corresponding Φ6-value for the preceding grain-like
particle arrangement. This is due to the fact that while
hexagonal domains can easily merge due to their symmetry,
square-like domains may have non compatible mutual
orientation. Charging the particles again leads, at the end of a
slow equilibration process, to an ecc-value which is close to but
slightly larger than the corresponding value at the end of the
ﬁrst process segment; rather surprisingly, the order parameter
Φ6 saturates during this segment of the process already at a
value close to ∼0.7, while Φ4 tends within this time window
toward ∼0.35. A closer, visual inspection of the corresponding
particle conﬁguration provides an explanation for this tendency:
at the end of the entire cycle relatively large islands with
internal square-like particle arrangements persist amidst regions
with internal hexagonal, grain-like order. Energetic considerations (see Figure 2) demonstrate that the grain-like pattern
is highly unstable for overall neutral IPCs, while square
domains are energetically metastable for charged IPCs.
Summarizing, for the case ZwZp > 0, a continued application
of charging−decharging cycles will eventually lead to a mixed
state with regions of both hexagonal and square symmetry,

unit cell (insets in panels B1−B3) and by partial snapshots
(insets in panels C1−C3).
For the case ZwZp < 0 (panels B1 and C1 of Figure 1), the
grain-like particle arrangement of the charged IPCs forms a
well-deﬁned layer which ﬂoats over the substrate, resulting into
ecw ∼ 0. As the particles are decharged, the ordered structure
immediately melts into a spatially disordered arrangement of
isolated particles adsorbed on the substrate with their
orientational vectors perpendicular to the conﬁning wall.
Both features as well as the surprising rapidity of this process
are reﬂected in the accumulated key properties: (i) after
decharging has set in, ecw drops rapidly and eventually levels oﬀ
to its equilibrium value of ∼ −4.5, corresponding to the
minimum of the particle−wall interaction; (ii) concomitantly,
the particle−particle interaction increases at a comparably fast
rate: while ecc assumes typical values of ∼ −1.6 in the grain-like
arrangement, it quickly increases toward zero when IPCs are
decharged, indicating that the particles have essentially ceased
to interact with each other. This transformation in the spatial
order is quantiﬁed via the order parameter Φ6, which changes at
the same time rate as the energies: while Φ6 attains a value
close to unity in the essentially perfect hexagonal arrangement
within the grain-like pattern, it rapidly drops upon decharging
to Φ6 ∼ 0.5. Upon charging particles again, a process sets in
that is essentially inverse to the previous one: ecw literally jumps
from a value of ∼ −4 to ∼0, indicating that the now charged
particles immediately form a layer that ﬂoats above the
substrate. Concomitantly, ecc drops abruptly and then relaxes
toward its equilibrium value at ecc ∼ −1.6. Thus, particles
quickly rearrange in a layer with an internal 6-fold spatial
arrangement which, however, requires some equilibration time
to reach the characteristic grain-like orientational order. A ﬁnal
comparison of the energy values and of the order parameter
data at the beginning and at the end of the cycle conﬁrms that
for ZwZp < 0 the entire charging−decharging−charging process
is fully reversible.
For the case of a neutral substrate (panels B2 and C2 of
Figure 1), the particle−wall interaction is always zero, and the
particles formirrespective of their overall chargetriangular
domains. During the decharging cycle a transformation from a
grain- to a ﬂower-like particle arrangement takes place, and the
opposite process occurs at the same speed during the charging
cycle. While the spatial structure remains invariant (reﬂected by
the fact that Φ6 attains, throughout, values close to unity), a
substantial reorientation of the particles takes place: IPCs that
form the circumference of a hexagonal tile have to undergo
both vertical and horizontal redirections of their symmetry axes,
while the orientation of the central particle has to be rotated by
90° into a direction pointing perpendicular to the conﬁning
wall. Still, the energetic costs for these reorientations are
surprisingly small, reﬂected by the fact that in the immediate
vicinity of the charge switch only small changes in ecc occur.
The subsequent, relatively moderate decay of ecc as a function
of time provides evidence that the reorientation of the particles
is rather slow. The tiny overall decrease in ecc at the end of the
cycle might be related to the observation that the regions of
uniform internal, ordered structure have grown in size along the
whole process.
The most dramatic structural changes induced by the
charging-decharging process are observed for the case ZwZp >
0 (panels B3 and C3 of Figure 1). The decharging process
transforms a grain-like particle arrangement with 6-fold
coordination into a square lattice with 4-fold coordination,

Figure 2. Analysis of the particle−particle energy, ecc, for simpliﬁed,
fully two-dimensional, isolated units of the microcrystalline domains
observed when ZwZp > 0. Left/right: Neutral/charged IPCs are forced
to be arranged into a g-triangle/square conﬁguration, and the energy
of the central particle (colored in red) is reported as a function of
small angular rotations of this particle (deﬁned by the angle ω) with
respect to the equilibrium orientation; in the snapshot, the continuous
arrow indicates the equilibrium orientation (ω = 0°), while the dotted
arrow deﬁnes the angle ω. The corresponding internal energy of the
central particle for neutral/charged IPCs in its equilibrium orientation
in a g-triangle/square conﬁguration is also reported for comparison.
Note that in the grain-like patterns observed in the simulations the
orientational vectors of two neighboring IPCsin contrast to the
idealized scenario considered hereare not fully horizontal, as shown
in Figure 3 of the Supporting Information.
3415
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Figure 3. Panel A: density proﬁles ρ(z) of the two investigated types of IPCsi.e., overall charged and neutral particles, as labeledunder tight/
loose (column A1/A2) conﬁnement. In both columns, central panels refer to the case ZwZp = 0, while top/bottom panels show the results for the
cases ZwZp < 0 and ZwZp > 0, respectively. The black dashed line in all of these panels indicates the average number density ρav. The red asterisks in
the central panel of column A2and the corresponding vertical dashed linesindicate the intersection points of the density proﬁles; the
corresponding z-values of such intersections are labeled as z1 and z2. Panel B: slices of typical simulation snapshots in loose conﬁnement are shown
for charged/neutral particles (left/right inset); the color of a particle speciﬁes its z-coordinate: red is used for particles with z < 2σ (bottom layer),
blue for particles with z > 2σ (top layer). Inside the right inset of panel B, two clusters are highlighted and referred to as I and II. Panel C: magniﬁed
views of clusters I and II; on the left particles are drawn to scale (gray particles with yellow patches); on the right the particle size is reduced to
improve visualization of the underlying lattice; in the latter case particles in the bottom layer are colored in red, while the particles in the top layer are
colored in blue; lines between the centers of mass of the particles are traced out to highlight the lattice structure. In cluster I a few particles that are
not ordered are shown in the original color.

imizes the distance to the substrate as a consequence of the
repulsion between the charged bottom wall and the exposed
equators of the particles within the crystalline domains; the
resulting structure is a microscrystalline gel that ﬂoats over the
bottom wall, i.e., ρ(σ) ≪ 1. In contrast, when ZwZp > 0,
charged IPCs self-organize into a grain-like gel which is fully
adsorbed on the substrate. As mentioned above, due to the
reduced particle mobility, the microcrystalline gel, though
retaining the characteristic spatial and orientational order of
charged IPCs assemblies, is formed by domains smaller than
those constituting the other grain-like structures.
A ﬁnal question to be addressed concerns how the described
self-assembly scenarios change when the conﬁnement is slightly
released. Under loose conﬁnement conditions (column A2 of
Figure 3), particles are allowed to aggregate also along the
vertical direction. The density proﬁles reveal that, when the
bottom wall is charged, electrostatics dominates over the
geometric conﬁnement, meaning that both neutral and charged
particles behave similar to the corresponding tight conﬁnement
cases (top/bottom panels of column A2 in Figure 3). A visual
inspection of the particle conﬁgurations reveals that, when ZwZp
≠ 0, the self-assembly scenarios of both neutral and charged
IPCs are completely unaﬀected by the change in conﬁnement,
meaning that depending on the control parameters we observe
again a ﬂuid-like phase and grain-like/square-like particle
networks. In contrast, when the bottom wall is neutral,
particles assemble into both mono- and bilayers, irrespective
of their overall charge (central panel of column A2 in Figure 3).
A more profound analysis of the single- and double-layered
aggregates formed by IPCs between neutral walls reveals a quite
rich scenario according to the particle charge. We quantify the
percentage of particles in a monolayers via

meaning that the charging−decharging−charging process is not
completely reversible.
If we consider overall neutral IPCs and suddenly switch the
sign of the wall charge from the case ZwZp < 0 to the case ZwZp
> 0, we observe a transition from a monomeric phase to a
microcrystalline gel with square-like domains, a transformation
which is fully reversible when the charge of the substrate is
switched back to its original value, as shown in Figure 5 of the
Supporting Information. Since the charge of the substrate can
be externally controlled,17 the self-assembly of the particles into
a microcrystalline gel with square-like domains can be switched
on and oﬀ in a fully reversible way.
The diﬀerent assembly scenarios observed under tight
conﬁnement conditions show the tendency of IPCs to form
quasi two-dimensional aggregates with a well-deﬁned, internal
structure that depends on the system parameters. The planarity
of the aggregates is quantiﬁed by estimating the density proﬁle,
ρ(z). Data are reported in panel A of Figure 3.
Under tight conﬁnement conditions (column A1 of Figure
3), particles are not able to assemble along the z-direction; thus
the density proﬁles of both neutral and charged IPCs between
neutral walls (central panel of column A1 in Figure 3) are
symmetric with respect to the center of the simulation box
along the z-axis. In contrast, in most cases with ZwZp ≠ 0, IPCs
tend to strongly adsorb to the bottom wall, meaning that the
ρ(z) at the bottom of the sample assumes extremely large
values as compared to the rest of the system (top/bottom
panels of column A1 in Figure 3). More speciﬁcally, when ZwZp
≠ 0, neutral particles fully adsorb to the substrate, forming
either a disordered ﬂuid-like phase (when ZwZp < 0) or a
microcrystalline gel with square-like domains (when ZwZp > 0).
Overall charged IPCs, on the other hand, behave diﬀerently
depending on the wall charge. When ZwZp < 0, a particle layer
is formed, characterized by grain-like domains, which max3416
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z2

ρ (z ) d z

another in a reversible fashion. Even though the selected IPC
systems have been investigated following a deep quench,
additional simulations reveal that the morphology of the
discussed self-assembly scenarios is maintained for less deep
quenches or annealing processes, whereas the cluster size
distribution is of course temperature-dependent.
The tendency of IPCs to self-assemble into quasi twodimensional aggregates has been observed in most of the
investigated cases. Double-layered aggregates were found only
for IPCs between neutral walls in a loose conﬁnement
geometry. As soon as the substrate is (even weakly) charged,
adsorption wins over conﬁnement, and it becomes possible to
control the assembly of essentially planar aggregates, their size,
and their internal structure independently of the conﬁnement.
The adsorbed microcrystalline gels can be composed of
aggregates of diﬀerent typical size due to the competition
between optimizing the particle−particle bonding and the
adsorption to the substrate. Grain-like domains adsorbed to the
bottom wall are indeed smaller than adsorbed square-like
domains; the reason for this feature is likely related to the
compatibility between the perfect planar orientation of IPCs in
square domains as compared to the slightly out of plane
orientations between nearest neighbors within a grain-like
domain. Finally, in systems forming double-layered aggregates,
the competition between attractive and repulsive directional
interactions is most likely responsible for the diﬀerent forms of
colloidal ordering within double-layered structures.

(2)

where N is the total number of particles in the simulation box,
L is the lateral size of the box along the x- and y-directions, and
z1,2 are suitable boundaries for the vertical coordinates of the
particles that belong to a monolayer. To have the same
boundaries for neutral as well as charged particles, z1,2 are
deﬁned as the intersection points between the density proﬁles
ρ(z) of the two diﬀerent particle charges: the conﬁgurations
leading to the peaks at z < z1 or z > z2 are typically doublelayered structures, whereas those that bring forward the
nonvanishing ρ(z)-values for z1 ≤ z ≤ z2 are predominantly
monolayers. We ﬁnd that Np/N ≈ 0.28 for neutral IPCs, while
Np/N ≈ 0.45 for charged IPCs. Hence, overall neutral particles
tend to form double-layered aggregates, whereas overall
charged particles assemble into double- or single-layers with
equal probability.
The quantitative information provided by Np/N is also
supported by the snapshots displayed in panel B of Figure 3
that reproduces signiﬁcant portions of the two systems where
particles in the lower or upper part of the box are distinguished
by their color. A further analysis of the system conﬁgurations
reveals that, while monolayers of charged particles retain the
characteristic grain-like structure, the corresponding doublelayered aggregates do not have a well-deﬁned internal order,
suggesting that deviations from planar, grain-like assemblies are
likely due to the deep quench in temperature experienced by
the system. In contrast, double-layered structures formed by
neutral particles do have an internal order.
Magniﬁed views of two characteristic double-layered clusters
of neutral IPCs between neutral walls are shown in panel C of
Figure 3 to better visualize their structure. Surprisingly, both
the spatial and the orientational order of the particles diﬀer
signiﬁcantly in the two selected cases: cluster I is mainly
composed by two superimposed square lattices where particles
have a T-shaped reciprocal orientation within each layer, while
cluster II consists of two, noncentered, triangular layers where
particles assume the characteristic ﬂower-like pattern observed
for neutral IPCs close to a neutral substrate. A careful
inspection of other clusters and other conﬁgurations conﬁrms
that most of the neutral particles are assembled into these two
types of double layers. Such a phenomenon is likely due to the
competition between the square-like and the ﬂower-like particle
arrangements. We can thus conclude that under loose
conﬁnement between neutral walls both neutral and charged
IPCs form nonplanar aggregates, but as soon as the substrate is
weakly charged IPCs typically assemble into monolayers whose
internal, spatial and orientational morphology can be externally
tuned.
In summary, we have investigated the self-organization of
heterogeneously charged particles on a substrate of variable
charge. We have shown that, due to the complex interplay
between the highly directional particle−particle and particle−
wall interactions, it is possible to externally control (i) the
occurrence of self-assembly (extended clusters forming a
microcrystalline gel versus isolated monomers), (ii) the internal
spatial order of the emerging crystalline domains constituting
the branches of the gel networks (square-like versus trianglelike domains), and (iii) the bonding patterns of such aggregates
(grain-like versus ﬂower-like particle arrangements). Using the
pH, the salinity, and the wall charge as external control
parameters, one self-assembly scenario can be transformed into
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