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We studied the orientational order of one-patch colloidal particles (Janus particles) in a close-packed monolayer. In an experi-
ment on hemispherically patched particles, we realized a highly ordered zigzag stripe pattern by inducing directional growth of
the pattern via a phase transition of the solvent. Upon spontaneous ordering by strengthening the inter-patch attraction, however,
the particles are trapped in a poorly ordered zigzag pattern, illustrating the importance of controlling kinetics to attain a highly
ordered state. The patch-size dependence of an equilibrium orientational order is experimentally observed under moderate inter-
patch attraction. We also calculated the equilibrium order against the patch size and attraction in a Monte Carlo simulation. In
the simulation, the rather discrete transition between a zigzag stripe, tiling of triangular trimers and tiling of dimers under strong
attraction becomes continuous with weakening attraction. The experimental result not only coincides with the simulation qual-
itatively but also suggests that a particular cluster is selectively formed by nonuniform inter-patch attraction in the experiment.
The effect of patch–substrate attraction and commonalities of the order with liquid crystals are also discussed.

1 Introduction

To produce new functional materials, the synthesis of
anisotropic colloidal particles with well-defined shapes and in-
teractions has been developed recently.1,2 Sticky patches can
be formed on the surface of a particle by chemically modifying
particular regions of the surface.3,4 Such patchy particles have
directional interactions, and thus show unique self-assembly
compared with isotropic particles in the form of clusters such
as Bernal spirals and micelles,5–8 crystals such as kagome and
diamond,9–14 and reversible gels and empty liquids.15,16 The
diversity and novelty of the self-assembled structure have at-
tracted the attention of researchers in terms of not only ap-
plication15,17 but also the clarification of collective behaviors
of natural anisotropic colloids with a patchy character such as
proteins.18–20

Even for spherical one-patch particles, recent theoretical
works have revealed rich crystalline phases with orientational
order in two dimensions14 and three dimensions.12,21 In the
case of a two-dimensional hexagonal monolayer,14 for exam-
ple, the ground states are determined by the number of pos-
sible attractive bonds per patch, resulting in tiling of dimers
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tion. See DOI: 10.1039/b000000x/
a Department of Physics, Kyushu University, 812-8581 Fukuoka, Japan. Fax:
092 642 4177; Tel: 092 642 4177; E-mail: iwashita@phys.kyushu-u.ac.jp

for one bond/patch (θap≤ 30◦), tiling of triangular trimers for
two bonds/patch (30◦ < θap ≤ 60◦) and a zigzag stripe pat-
tern for three bonds/patch (60◦ < θap≤ 90◦), whereθap is the
half opening angle of a patch (see Fig. 1 (a)). With decreas-
ing bond energy, the boundaries separating the states shift to
largerθap and finally a plastic crystal state appears.

Experimental study of such order or crystal often encoun-
ters several difficulties. Monodisperse particles with well-
defined patches and appropriate inter-patch attraction are re-
quired, and it has been theoretically shown that patchy par-
ticles are easily trapped in a metastable state upon self-
assembly.7,22,23

In this article, we experimentally realize various orienta-
tional orders of one-patch colloidal particles in a close-packed
hexagonal monolayer, and reveal the ordering mechanism by
comparing the results of the experiment with those of our nu-
merical simulation. In the experiment, we adopt two differ-
ent kinetic processes of ordering: (i) spontaneous ordering by
tuning the inter-patch attraction via solvent criticality8 and (ii)
induced ordering using phase transition of the solvent and sur-
face activity of the particles (cf. ref.24). This experiment
exemplifies the significant role of ordering kinetics in real-
izing a highly ordered pattern. Next, the patch-size depen-
dence of the order is studied under moderate inter-patch at-
traction, where the attractive bonding is thermally activated
frequently. To systematically study the effect of the ther-
mal activation and patch size, we also calculate the equilib-
rium orientational order against the attraction and patch size
in a Monte Carlo simulation, because such thermally activated
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Fig. 1 One-patch particles. (a): A schematic drawing of a particle
with a circular patch.n is the unit vector directed from the center of
the particle to the center of the patch. (b): An SEM image of
particles with a hemispherical patch. A bright region is a gold patch.
Particle diameterd = 2.0 µm, and patch thicknessh0 = 50 nm.

states have not been considered in the theoretical work.14 The
patch-size dependence of the order in both simulation and ex-
periment reveals the common ordering mechanism in them,
and also suggest the selective fomation of a particular cluster
by nonuniform inter-patch attraction. The commonalities and
differences of the order with similar systems, and the effect of
patch–substrate attraction are also studied.

2 Methods

2.1 Experiment

The method of preparing particles and solvent is the same as
that in our previous work8 except for patch-size control.

2.1.1 Particle preparation. A layer of gold with thick-
ness hd = 30–60 nm was deposited on a hemisphere of
monodisperse silica particles (Hyprecica, UEXC), having di-
ameterd = 0.99 or 2.04 µm and dispersion≃±3% (see Fig.
1 (b)). Hereafterd is mainly written as 1.0 and 2.0µm for
simplicity. A circular patch smaller than the hemisphere was
produced by chemical etching.25 A patch is thickest at the cen-
ter and becomes thinner toward its edge. In the following, the
“thickness” of a patch,h0, is that at the center of the patch,
and the patch size is defined byθap. θap is measured by scan-
ning electron microscopy (SEM) (e.g., Fig. 1 (b)), and patch
thickness is estimated ash0 = hd(1−cosθap).25 The gold sur-
face was modified with sodium-3-mercapto-propanesulfonate
(97%, Wako) to prevent irreversible aggregation between gold
patches.

2.1.2 Sample preparation and interaction control.The
particles were dispersed in a binary mixture of 2,6-lutidine
(99%, Sigma-Aldrich) and pure water (18.2 MΩ) at their crit-
ical composition, 28.6 wt% lutidine/water. This solvent shows
a “lower critical solution temperature”-type phase separation
and the critical temperatureTc ≃ 34◦C.26 In the single-phase

region nearTc, inter-particle interaction due to solvent critical-
ity depends on the surface chemistry of particles and increases
monotonically with approachingTc.27–30 This attraction can
be used to control the inter-patch attraction of patchy parti-
cles.8,24 In our system, the attraction between the hemispher-
ical gold patches is stronger than that between bare surfaces
and can be continuously tuned via temperature, allowing re-
versible control of aggregation via the sticky patches.

The particle dispersion was confined in a wedge-shaped cell
composed of two cover glasses. The particles accumulated
at the tip under acceleration provided by a centrifuge, and
formed a densely packed monolayer. The lattice constant of
the triangular lattice was 1.07 and 2.08µm for d = 0.99 and
2.04 µm, respectively (cf. Fig. 3 (a)).

The top and bottom confinement surfaces of the cell were
both hydrophobic for spontaneous ordering in Sections 3.1.1
and 3.2 or hydrophobic and hydrophilic respectively for in-
duced ordering in Section 3.1.2. A hydrophilic cover glass was
prepared by high-temperature treatment at 500◦C for 3 hours,
and a hydrophobic cover glass was prepared by modifying
the surface with perfluorodecyltriethoxysilane (97%, Sigma-
Aldrich).31 No attraction was observed between a patch and
a hydrophobic surface in our experiment. For a hydrophilic
surface, patch–substrate attraction was observed at lower tem-
peratures thanTc within ∼ 0.2 K of Tc. A sample was ob-
served with an optical microscope having a 40× objective lens
while controlling the sample temperature with a stage (10021,
Linkam Scientific Instruments).

2.2 Simulation

A standard Monte Carlo simulation was carried out to calcu-
late the equilibrium orientational order of one-patch particles
for inter-patch attractioneb and patch sizeθap (see ESI for de-
tails †). Spherical particles with a circular patch are arranged
on a two-dimensional triangular lattice and can rotate three di-
mensionally. There are 1840 particles in the rectangular sim-
ulation box and they are subject to periodic boundary condi-
tions.

We adopted a simple interaction composed of the
orientation-dependent part of the Kern and Frenkel model.32

In this interaction, there is a pairwise attractive potential
(deptheb > 0) only when the contact point between two neigh-
boring particles is included in their patches. Other combina-
tions of patch and non-patch surfaces do not give rise to an
interaction.

The total number of simulation steps for eacheb andθap is
more than 10 times the number of steps at which the average
cluster sizeNavg reaches a steady value. Particles interacting
with each other via patches are regarded as bonded, and the
size of a cluster,N, is defined as the number of particles in the
cluster. Four independent simulation runs were carried out for
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each condition, and the results were averaged in analysis.

3 Results and discussions

3.1 Experiment: orientational order in hemispherically
patched particles

3.1.1 Spontaneous ordering. After the preparation of
a sample, hemispherical patches of particles aggregated in a
close-packed monolayer, and the particles formed short lin-
ear clusters even around room temperature as shown in Fig. 2
(a) and (b). The aggregating patches exhibited rotational fluc-
tuation; i.e. they slipped across each other’s surfaces. The
patches were sometimes thermally activated and aggregated
with a different patch/patches (cf. the movie corresponding to
Fig. 2 (b) in ESI†). These behaviors of aggregation suggest
that the aggregating patches were at the secondary minimum
of the Derjaguin–Landau–Verwey–Overbeek (DLVO) poten-
tial, and the potential depth was a fewkBTs; solvent criticality
would induce negligible interaction around room temperature,
∆T ∼ −8.0 K. 27 The interaction is discussed later together
with the results of simulations.

Self-assembly into such linear clusters via the attraction
of hemispherical patches has been reported for particle dis-
persion.8 A hemispherical patch can establish three attractive
bonds with neighboring patches (cf. Section 1), and all the
patches establish three bonds in a fully bonded double-strand
linear cluster (cf. Fig. 2 (d)). Thus, the linear cluster is favored
in terms of internal energy. In the following, we mainly con-
sider the results withd = 1.0 µm particles, because structural
relaxation ind = 2.0 µm particles is relatively slow even at
room temperature; rotation is slower and inter-patch attraction
is stronger for larger particles.33

Next we increased the temperature of the sample in Fig.
2 (b) to increase inter-patch attraction. From∆T = −0.8 K,
at which the behavior of particles is little changed from that
at room temperature, the temperature increased slowly at a
rate of<0.01K/min on average; heating at 0.01 K/min was
suspended for 5–10 min several times to make observations
at constant temperature. ApproachingTc, the structural re-
laxation slowed, and at∆T = −0.3 K, the recombination of
patches became fairly scarce, indicating inter-patch attraction
was sufficiently stronger thankBT (Fig. 2 (c)).

In Fig. 2 (c), the development of a zigzag stripe pattern
from Fig. 2 (b) is observed. The zigzag stripe pattern is a
parallel packing of fully bonded double-strand linear clusters
as shown in Fig. 2 (d), where the maximum number of inter-
patch bonds is attained as described above. This pattern is ex-
pected as the equilibrium orientational order for a large patch
and strong attraction.14 As shown in the inset of (c), there is
periodic zigzag undulation in a linear cluster. Linear clusters
are longer and their parallel alignment is more obvious in (c)

than in (b).
In Fig. 2 (c), however, the zigzag stripe order is fairly short

ranged even for such a slow approach toTc. Figure 2 (e) and
(f) represents the direction of linear clusters in Fig. 2 (b) and
(c) respectively by color, and thus, a similarly colored domain
corresponds to a monodomain of stripe order (see ESI for im-
age processing†). Monodomains grow only slightly from Fig.
2 (e) to (f). We consider that the pattern in (c) is trapped in
a metastable state upon relaxing into a better-ordered zigzag
stripe pattern. Several theoretical and numerical works have
reported that patchy particles are easily trapped in metastable
states upon self-assembly.7,22,23

3.1.2 Induced ordering via solvent phase separation.
When the critical solvent is heated aboveTc, it phase-separates
into water-rich and lutidine-rich phases. In this section a hy-
brid cell composed of a hydrophilic bottom surface and hy-
drophobic top surface was used, and the water-rich phase thus
favors the bottom and the lutidine-rich phase the top. There-
fore, the interface between the two phases would be parallel to
the cell surfaces.

When a sample was heated aboveTc, the pattern with a
short-range zigzag stripe order described in the previous sec-
tion transformed into a homogeneous hexagonal array (Fig.
3 (a)). Next, when a sample was cooled back into the one-
phase state of the solvent,T < Tc, monodomains with a zigzag
stripe pattern appeared via a nucleation-and-growth-like pro-
cess (Fig. 3 (b) to (c)), predominantly from defects or grain
boundaries of the hexagonal array (see arrowed domains in
Fig. 3 (b)). Finally, a highly ordered zigzag stripe pattern
formed as shown in Fig. 3 (d) and Fig. 4 (a), where sponta-
neous recombination of patches was rarely observed owing to
the large attraction nearTc. There is an obvious difference in
the monodomain size of the zigzag pattern between Fig. 2 (f)
and Fig. 4 (b).

The mechanisms of the pattern transformation are con-
sidered as follows. At a vertical interface between phase-
separated liquid phases in a hydrophobic cell, it was observed
that a gold patch was in a water-rich phase and the bare sur-
face was in a lutidine-rich phase (cf. supplementary Fig. C
†), indicating surface activity of the particles. The energy of
adhesion of a colloidal surfactant to a liquid interface is usu-
ally much higher thankBT,34,35and the pattern transformation
to Fig. 3 (a) indicates that the adhesion overwhelms the inter-
patch attractive interaction.24 Thus, homeotropic alignment of
the particle, in which a gold patch faces the bottom, is realized
by the preference of the patch for the water-rich phase (see the
first drawing in Fig. 3 (e)).

Next, when the two phases consolute, patches begin attract-
ing each other via the strong interaction close toTc. Addi-
tionally, consolution kinetics might be coupled with patch–
patch aggregation. When a stripe pattern appeared, aggregat-
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Fig. 2 Patterns of two-dimensionally close-packed particles with a hemispherical patch. (a) to (c) are microscopy images, in which a patch
appears dark and the bare surface is not resolved. (a): Short linear clusters at∆T =−8.0 K. d = 2.0 µm andh0 = 50nm. (b): Short linear
clusters at∆T =−8.9 K for d = 1.0 µm andh0 = 30nm. (c): Linear clusters at∆T =−0.3 K. The inset is a magnified image. (d): A
schematic drawing of the zigzag stripe pattern. Patches, here brown hemispheres, are directed horizontally for simplicity; actual directions are
three dimensional. The zigzag undulation in aggregating patches is considered to be independent between neighboring linear clusters.
Between the second and third clusters from the top, the undulations are in phase but can be shifted by one particle. The direction of undulation
patterns can be the opposite as shown by the first and second clusters. (e): Color plot of the direction of linear clusters in (b). (f): Color plot of
the direction of linear clusters in (c). A common color bar for (e) and (f) is shown below the subfigures. Scale bars: 10.0µm. Movies
corresponding to (b) and (c) are available in ESI†.
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1.

2.

3.

Fig. 3 Zigzag stripe pattern formation upon consolution of phase-separated solvent. (a) to (d): Sequential microscopy images upon cooling at
−0.1 K/min. ∆T = 0.1 K in (a),−0.1 K in (b) and (c), and−0.3 K in (d). d = 2.0 µm andh0 = 50nm. Scale bar: 10.0µm. (e): Schematic
drawings of the pattern formation process. Drawing 1 corresponds to (a), drawing 2 to (b) and (c), and drawing 3 to (d). The left drawings are
the bottom view and the right drawings are the side view. An inverted microscope was used for observation. The water-rich phase is depicted
in blue. A movie of the process from (a) to (d) is available in ESI.†
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Fig. 4 Highly ordered zigzag stripe pattern at∆T =−0.2 K for d = 1.0 µm andh0 = 30nm. (a): Microscopy image. Scale bar: 10.0µm. (b):
Color plot of the direction of linear clusters in (a). A movie of the formation process of (a) is available in ESI.†

ing patches in a linear cluster showed no undulation at first
as shown in Fig. 3 (c), and shortly later, a zigzag undulation
formed. We suppose a dewetting-like process as in the second
drawing in Fig. 3 (e), although the actual consolution dynam-
ics are beyond the scope of this contribution. Additionally,
after the consolution, a patch tilted toward the bottom as in
the third drawing in Fig. 3 (e), because of a criticality-induced
attraction between hydrophilic surfaces.36

In the current work, the directional growth of the zigzag
stripe domain plays a key role in realizing the highly ordered
state. The ordering kinetics are possibly coupled with conso-
lution kinetics of the phase-separated solvent. The inter-patch
and patch–substrate interactions caused by phase-separating
solvent have also been studied for a similar system in ref.24,
although there are some differences such as surface properties
of the particle and solvent criticality. The assembly behavior
of particles might be controlled more by modifying the inter-
action via those conditions.37

3.1.3 Analysis of stripe order. A zigzag stripe pattern
has a stripe or two-dimensional lamellar order composed of
double-strand linear clusters in which patchy and bare surfaces
are segregated from each other (see Fig. 2 (d)). In this section,
we mainly consider stripe (or lamellar) order, not zigzag un-
dulation in a linear cluster.

We first describe the characteristic defects of the order. Fig-
ure 5 (a) and (b) shows elementary dislocations, a node and
end (or edge) of linear clusters, corresponding to−1/2 and
1/2 disclination in a lamellar phase, respectively.38

Figure 5 (c) to (f) shows four types of grain boundaries be-
tween two stripe domains. Figure 5 (c) shows the array of
ends of aggregating patches. In (c), bright regions (i.e., bare
surfaces) form nodes. The pattern in Fig. 5 (f) appears as
the brightness-inversion of (c); i.e., aggregating patches form
nodes in (f). In Fig. 5 (d), showing an array of ends of aggre-
gating patches, the two domains are parallel but shifted hor-

d

e f

a b c

Fig. 5 Characteristic defect structures in a stripe pattern. (a) and (b):
Elementary dislocations. (a) is a node and (b) is an end. (c) to (f):
Grain boundaries between two stripe monodomains. Possible
schematic structures are shown in (a), (b), (e) and (f), where patches
are depicted in gray or brown, and bonds connecting centers of
neighboring particles are drawn when the patches aggregate.
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Fig. 6 Image analysis of patterns in hemispherically patched particles. (a) and (b): Power spectrum obtained by Fourier transformation of Fig.
2 (c) and Fig. 4 (a), respectively. (c): Power spectrum obtained after skeletonizing Fig. 4 (a). Six-fold symmetry of the periodic linear array of
spots is more evident than that in (b). (d) and (e): Intensity profile along the dashed line in (a) and (b), respectively. Each line crosses spots of
the power spectra, although the spots in (a) are obscure. (f): Radial directional correlation of linear clusters. Symbols correspond to the
images as follows: (×, Fig. 2 (b)), (△, Fig. 2 (c)) and (•, Fig. 4 (a)).

izontally by one particle. In Fig. 5 (e), there is no defect
between the two angled domains; such structure is known as a
curvature wall in a lamellar phase.

Next, to quantify the order of the patterns obtained by spon-
taneous and induced ordering, we analyzed the patterns as
follows (see ESI for details of the procedure†). The Fourier
transformation of a pattern was calculated to show the sym-
metry and characteristic length scale of a pattern (Fig. 6 (a),
(b) and (c)). We also calculated the radial directional corre-
lation of linear clusters to quantify the spatial expansion of a
stripe monodomain (Fig. 6 (f)). A topological quantity, the
number of ends of linear domains, gives a measure of the con-
nectivity of linear clusters.

In the Fourier transformation, a region with dimensions of
65.2µm× 65.2µm was analyzed to investigate the order in a
monodomain of hexagonal packing. Figure 6 (b) is the power
spectrum of the pattern obtained by induced ordering in Fig.
4 (a), and Fig. 6 (e) is a line profile of the intensity along the
peaks in Fig. 6 (b). The six-fold pattern composed of a linear
array of periodic peaks in Fig. 6 (b) reflects stripe patterns in
three directions in the triangular lattice. The symmetry of the
six-fold mosaic pattern of stripe domains is emphasized more
in Fig. 6 (c), obtained from the skeletonized pattern of Fig. 4
(a) (see ESI for the image†).

From the peak positions, we obtain the stripe periodλ =
1.87 µm, which is slightly greater than the calculated period
for close-packed particlesλ ≃ 1.8 µm; in a zigzag stripe pat-

tern,λ is the distance between the centers of neighboring lin-
ear clusters. Thus,λ =

√
3d= 1.71µm for spherical particles,

and the thickness of two patches,∼ 0.1µm, should be added
(cf. Fig. 2 (d)). Ford = 2.0 µm in Fig. 3 (d),λ = 3.68 µm in
the experiment andλ ≃ 3.6 µm is calculated for close-packed
particles. Additionally, the secondary minimum of the DLVO
potential is typically within tens of nanometers from a surface
and the thermal vibration of a particle gives rise to additional
repulsion. Thus, the slightly largerλ in the experiment is quite
reasonable for the close-packed particles.

The six-fold peaks are blurred for spontaneous ordering in
Fig. 2 (c), and the pattern appears almost isotropic in Fig. 6
(a). The peak positions indicated by arrows in Fig. 6 (d) are
the same as those in Fig. 6 (e); however, the third cannot be
identified clearly in (d). These features indicate very local,
short-range stripe order in Fig. 2 (c). The power spectrum of a
pattern at low temperature (e.g., Fig. 2 (b)) is almost the same
as that of Fig. 2 (c).

Next we calculated the radial directional correlation of lin-
ear clusters,gθ , using the nematic order parameter. Direc-
tional correlation between two segmented parts of linear clus-
ters is measured as2cos2 ∆θ −1, where∆θ is the angular dif-
ference.gθ (r) is the average of the correlation for all pairs of
two segments at a distancer ≤ r i j < r +∆r, wherer i j is the
distance between segmenti and j and∆r = 2.5 µm. When all
segments in ther-range are parallel,gθ (r) = 1, whereas the
value is zero when the segments are directed randomly.
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In Fig. 6 (f), directional correlation is observed only at short
range,∼2 µm, for spontaneous ordering at∆T =−8.9K (Fig.
2 (b)). Heregθ (r) below∼ 10−2 is within statistical error, and
negativegθ (r) does not appear in the plot. For∆T = −0.3 K
(Fig. 2 (c)), the correlation at short range increases, whereas
the spatial range remains short. For induced ordering in Fig. 4
(a), the directional correlation at short range is strongest in the
three plots, and the spatial range is fairly large:gθ (r) main-
tains significant correlation until about30 µm. This length
coincides with the size of monodomains in Fig. 4 (a).

In the analyses above, the development of a pattern in spon-
taneous ordering is not identified clearly. The development
was observed in the connectivity of linear clusters or aggre-
gating patches; i.e., the number of ends,nend. At ∆T = −8.9
K in spontaneous ordering in Fig. 2 (b),nend = 0.24 µm−2,
whereas the value decreases to 0.16µm−2 at ∆T = −0.3 K
in Fig. 2 (c). For the highly ordered pattern in Fig. 4 (a),
nend = 0.14 µm−2. The connectivity of clusters (i.e., aggre-
gation of patches) greatly improved with approachingTc in
spontaneous ordering, indicating that aggregation, or attrac-
tive bonding, between patches was promoted by the increase
in attraction. Additionally, relatively minor improvement of
connectivity from a short-range ordered pattern to a highly or-
dered pattern suggests that bonding had fairly well developed
already in the spontaneous ordering nearTc, although the pat-
tern was trapped in a metastable state.

As described above, the stripe pattern and its formation
mechanism have significant similarities to a general stripe or
two-dimensional lamellar phase;38,39 e.g., a block in a poly-
mer is segregated in block copolymer systems, and in sur-
factant systems, the hydrophobic or hydrophilic part of a
molecule is segregated together with water and/or oil, result-
ing in a lamellar phase under proper conditions. However,
there is a fundamental difference. Patchy particles are so
close-packed that rearrangement of their relative positions is
completely prohibited (cf. hexagonal close-packing in Fig. 3
(a)); thus, the order is almost purely orientational. In a gen-
eral stripe or lamellar phase, however, molecules possess both
translational and orientational order, or at least translational
order. A curvature wall is an interesting example of a possible
difference; the condition of each patchy particle at the curve
is identical to that at the straight part (see the schematic draw-
ing in Fig. 5 (e)). In a general stripe/lamellar phase, curvature
alters the local spatial symmetry around a molecule and gives
rise to bending energy.

3.2 Experiment: patch-size dependence

In this section, we describe patch-size dependence of orienta-
tionally ordered patterns in a hydrophobic cell. Figure 7 (a) is
an example of a pattern formed whend = 2.0 µm, patch size
θap= 59◦ with ±6% dispersion and∆T =−14K. The major-

a b

c d

e f

Fig. 7 Patch-size dependence of orientational order observed with
an optical microscope.d = 2.0 µm in (a) and 1.0µm in (b) to (d).
(a): θap= 59◦, ∆T =−14K andh0 = 29nm. The inset is a
schematic drawing of triangular trimers and a linear cluster. (b):
θap= 77◦, ∆T =−14K andh0 = 47 nm. (c):θap= 70◦, ∆T =−14
K andh0 = 40 nm. (d):θap= 52◦ , ∆T =−0.2 K andh0 = 23 nm.
In this sample, most particles did not cluster around room
temperature. Contrast in the image is largely enhanced because the
patch was small and thin. (e): Recombination of particles between a
linear cluster and rhombic tetramers observed in (b). (f):
Recombination of particles between a linear cluster and triangular
trimers observed in (c). Note that we could not specify inter-patch
bonding in a linear cluster in this sample; the schematic linear
cluster is a possible example. Scale bars: 10µm. Movies
corresponding to (b) and (c) are available in ESI.†
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Fig. 8 Cluster-size distribution estimated from microscopy
observation for Fig. 7 (b) (θap= 77◦) and (c) (θap= 70◦). ψw(N̂) is
the probability that a particle belongs to the cluster of sizeN̂. The
peaks of a trimer forθap= 70◦ and tetramer forθap= 77◦ are
indicated by arrows.
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ity of clusters were a triangular trimer as shown in the inset,40

and some other clusters, such as linear clusters and monomers,
were also observed. The tiling of triangular trimers is the the-
oretically predicted equilibrium order forθap of ∼ 30◦–60◦.14

The relaxation of clustering was, however, fairly slow for this
size of particle as described earlier. Thus, the clusters would
reflect the kinetic process of packing by centrifuge.

To investigate equilibrium patterns with small patches, we
used particles for whichd= 1.0 µm. The patch sizeθap= 77◦

±3%, 70◦±3% and 52◦ ±10%, and the thicknessh0 = 47, 40
and 23 nm respectively, from Fig. 7 (b) to (d). The interaction
energy of a particle with its nearest neighbors depends on the
patch size and thickness, because the former determines the
possible bond number and the latter determines the van der
Waals attraction between patches. Under the conditions in Fig.
7 (b) to (d), particles were clustered but thermally activated
rather frequently (cf. corresponding movies in ESI†), and we
thus presume the cluster state to be in equilibrium.

Forθap= 77◦ in Fig. 7 (b), small clusters and relatively long
clusters coexisted, and the ratio of small clusters increased
with a decrease inθap as shown in Fig. 7 (c) and (d). For
θap = 52◦ in (d), most clusters were in fact small. For the
sample in Fig. 7 (b) and (c), two characteristic recombination
processes between small clusters and a linear cluster were ob-
served. In Fig. 7 (e), a linear cluster with zigzag undulation
decomposed into linearly aligned tilted small clusters, andvice
versa. In Fig. 7 (f), small clusters are shifted from the center
of a linear cluster in alternative directions when a linear clus-
ter decomposes. The former recombination suggests that, as
schematically drawn in Fig. 7 (e), a zigzag cluster is ther-
mally activated predominantly into rhombic tetramers. Such a
decomposition of a zigzag cluster has been reported for a more
dilute system;8 in a zigzag cluster, the tetramers are connected
to each other only by a single bond. The latter recombination
seen in Fig. 7 (f) suggests that a linear cluster decomposes
into triangular trimers directed “upward” and “downward” al-
ternatively.

By carefully observing the recombination, the process in
Fig. 7 (e) was found more forθap = 77◦ than forθap = 70◦,
and the process in Fig. 7 (f) was found more forθap = 70◦.
These observations are supported by the cluster size distribu-
tions in Fig. 8. A cluster size (i.e., the number of aggregat-
ing patches),̂N, is roughly estimated from the area of a dark
region (see ESI for details†). The area depends not only on
the number of patches but also on the vertical directions of
patches, and the distribution of area, orN̂, is thus not discrete.
The estimated sizes in the plots of Fig. 8 are obtained from
more than 10 images. In the plots, tetramers and trimers are
clearly abundant forθap= 77◦ and70◦ respectively, and they
coexist with large clusters indicated by the exponential-like
long tail. Such a tail is observed in step growth polymeriza-
tion or for living polymers as a result of probabilistic linear

aggregation of unit structures,39 which is consistent with the
active thermal recombination of bonding in the experiments
here.

The results in this section are discussed again together with
the results of simulation.

3.3 Simulation

In the experiments under moderate inter-patch attraction (e.g.,
Fig. 2 (b) and Fig. 7 (b) to (d)), clusters were fairly poly-
disperse. Such thermally activated cluster states were not
studied in previous theoretical work.14 To compare directly
with our experiments and study the patch-size and inter-patch-
attraction dependence systematically, we calculate the steady
states of the orientational order in a Monte Carlo simulation.
The steady states are presumably in equilibrium; however, the
possibility of the existence of more stable states cannot be ex-
cluded.

3.3.1 Without patch–substrate interaction. The patch
size and the energy of inter-patch attractive bonding areθap

ranging from 6.0◦ to 90.0◦ in intervals of 6.0◦, andeb rang-
ing from 0.0 to 10.0kBT in intervals of 1.0kBT, andeb =
1000kBT. In this section, patch–substrate interaction is not
considered; i.e., the order is purely determined by inter-patch
attraction.

Figure 9 (a) to (c) shows snapshots of typical patterns un-
der high inter-patch bonding energy,eb = 10.0kBT. A zigzag
stripe pattern, tiling of triangular trimers, and tiling of dimers
appear, as in ref.14. Depending on the parameters, however, a
disordered pattern composed of polydisperse clusters form. A
stripe order of shorter range than that in Fig. 9 (a) appears in
Fig. 9 (d) and (e), where segregation of patches in a double-
strand linear cluster is still observed but zigzag undulation of
patches is rather disturbed. Figure 9 (f) is a mixture of dimers,
triangular and non-triangular trimers, linear clusters and even
monomers.

By considering the ground states (see, e.g., Fig. 9 (a) to (c))
and calculated equilibrium states, we classify each cluster as
a monomer, dimer, triangular trimer, large cluster (N ≥ 8), or
other cluster. The size criterion for the large cluster is related
to the stripe order, because most clusters ofN ≥ 8 are linear
and an increase in the number of such linear clusters generates
stripe order. Other cluster includes tetramers to heptamers and
non-triangular trimers.

The formation of the five cluster states against patch size
and bond energy is summarized in the diagram presented in
Fig. 10 (a). Each symbol in Fig. 10 (a) corresponds to the
cluster occupying maximumψw for each set ofθap andeb as
explained in the legend. Hereψw is calculated as the ratio of
the number of particles belonging to each cluster state to the
total number of particles in the system, 1840. The stripe order
of linear clusters is judged by eye. In Fig. 10 (c) to (e),ψw
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a b c

d e f

Fig. 9 Typical patterns obtained by Monte Carlo simulation. (a): Almost perfectly ordered monodomain of a zigzag pattern.θap= 78◦. (b):
Random tiling of triangular trimers.θap= 42◦. (c): Random tiling of dimers.θap= 30◦. eb = 10.0kBT from (a) to (c). (d) and (e): A
less-ordered stripe pattern.eb = 4.0kBT andθap= 78◦. (f): A polydispersed cluster state, mainly composed of triangular trimers and linear
clusters.eb = 6.0kBT andθap= 42◦. In (a), (b), (c), (e) and the inset of (f), the bond connecting the centers of two neighboring particles is
depicted when the particles interact with their patches, and a different color is given to each cluster. In (d), (f) and the insets of (a), (b) and (c),
patches are depicted in black to compare them with microscopy images. The images are cropped and magnified from the original images of
1840 particles, and the scales are the same for (a) to (c) or (d) to (f). Other patterns are shown in ESI.†
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respectively.
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of each of the five cluster states is plotted againstθap for some
eb.

For high bond energy (i.e., when internal energy is domi-
nant to free energy), the ground states are realized (cf. Fig. 9
(a) to (c)), as determined by the maximum number of possible
bonds per patch as described in Section 1.ψw of each ground
state is almost unity foreb = 103kBT.

With a decrease in bond energy, clusters become polydis-
perse from the lowerθap boundary of each ground state as
shown in Fig. 10 (c) to (e), where the boundaries are indicated
by dashed lines. The boundaries of the regions in which the
three cluster states occupy the largest fraction shift to larger
θap for smallereb in Fig. 10 (a), and finally the three regions
disappear. Figure 10 (a) is similar to the phase diagram in
ref.14; however, there are qualitative differences in the theo-
retical framework. Specifically, in our system, cluster states,
or orientational orders, are not assumed in advance and trans-
lational entropy is not included at all.

Our results show that the transition of a cluster state be-
comes continuous with decreasingeb, as suggested by the
smoothed profile of the average cluster size for smalleb in
Fig. 10 (b). For each cluster state, however, a discontinuity
in the fraction still remains under smalleb. ψw of triangular
trimers in Fig. 10 (c), for example, gradually increases with
increasingθap from the lower boundary of the ground states
and suddenly decreases from the upper boundary.

The patch size dependence of the transitions is qualitatively
explained by the effect of rotational entropy.13 Whenθap of a
patch approaches the lower limit of each possible bond num-
ber, 60◦ for three bonds and30◦ for two bonds as described
above, the range of possible rotational fluctuation of a patch
approaches zero; i.e., the entropic cost for establishing the
maximum number of bond increases, which makes the full
bonding of a patch unstable. Thus, with an increase in the
relative contribution of the entropy to free energy due to a de-
crease ineb, the transition of cluster states becomes continu-
ous and the boundaries shift.

3.3.2 With large patch-substrate attraction. In addi-
tion to the simulation above, we also calculated steady states
of one-patch particles under strong patch–substrate attraction,
because a patch is strongly bound to the hydrophilic substrate
in the formation of a zigzag pattern as described in Section
3.1.2. Thus, an infinitely strong patch–substrate attraction is
added to the simulation method; i.e., a patch–substrate bond
does not rupture once established.θap ranges from 45◦ to
90.0◦ in intervals of 3.0◦, andeb ranges from 0.0 to 10.0kBT
in intervals of 1.0kBT.

Results of analyses and typical patterns are shown in Fig.
11 and Fig. 12, respectively. Apparently, the zigzag stripe
pattern is the equilibrium orientationally ordered state even
with strong patch–substrate attraction.

The general trends of orientational orders against the inter-
patch attraction and patch size are similar to those with-
out patch–substrate attraction, except for the position of the
boundaries between the cluster states. For largeeb, rather dis-
crete sequential transition of a pattern from the zigzag stripe
to triangular trimers to dimers is observed with a decrease in
θap. However, the relativeθap ranges of the three states are
significantly different from those in Fig. 10 (a). The dimer
region fairly narrows, whereas the stripe region narrows only
slightly. Theθap range, again, corresponds to the ground state
determined by the maximum number of bonds per patch. The
effective patch size (i.e., the length of the arc on the horizontal
plane where particles interact) is smaller than the actual size
of a patch because of the tilt induced by patch–substrate bond-
ing. Therefore, by considering the geometry, the boundaries
between three and two, two and one, and one and zero bonds
per patch are calculated asθap = 63.4◦, 49.1◦ and45.0◦, re-
spectively, consistent with the boundaries in Fig. 11 (a).

Near the boundary ofθap, as actually shown in Fig. 12 (a)
and (c), the vertical orientation of a patch is almost constant
because the inter-patch bonds are established near the edge
of a patch and the orientation can thus fluctuate only slightly.
With a decrease inθap toward the lower boundary of each
ground state, a cluster state becomes polydisperse as described
in the previous section because of the rotational entropy.

These results suggest that a strong patch–substrate attrac-
tion simply tilts a patch toward the substrate and reduces
the effective patch size, which affects the ground states non-
monotonically. However, only the two extreme conditions of
a substrate are compared; orientational order with a moderate
patch–substrate interaction remains to be studied.

3.4 Comparison between experiment and simulation

Our simulations show that the zigzag stripe pattern is the
equilibrium ordered state for largeθap and eb, with either
no or strong patch–substrate attraction. For the hemispher-
ically patched particles in our experiment, the decrease in
the number of ends of linear clusters indicates the develop-
ment of linear clusters when inter-patch attraction increased,
whereas a zigzag stripe pattern developed only slightly as sug-
gested by the small increase in orientational order (see Section
3.1.1). The highly ordered zigzag pattern was realized only
by induced ordering via solvent phase separation (see Section
3.1.2). These results illustrate that, for patchy particles, con-
trolling ordering kinetics is important to avoid particles being
trapped in metastable states during self-assembly.7,22,23

Inter-patch attraction can be roughly estimated by compar-
ing the results of experiment and simulation. In the simu-
lation, the stripe order disappears below∼ 4kBT. Thus, in
the pattern with short-range stripe order in Fig. 2 (b) (i.e.,
for 1 µm particles with a∼ 30 nm-thick hemispherical patch
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Fig. 11Patch size and attraction dependence of the cluster state in simulation with a strong patch–substrate attraction. Notations in the graphs
are the same as those in Fig. 10. (a): Diagram of the cluster states. (b): Dependence of the average cluster size onθap andeb. The large
fluctuation aroundNavg∼ 100is due to the periodic boundary conditions. (c) to (e):ψw of each cluster state in (a) is plotted againstθap.
eb = 4.0, 6.0 and10.0kBT from (c) to (e), respectively. Dashed lines are theθap boundaries between the ground states.

a cb d

Fig. 12Typical equilibrium patterns obtained by simulation with a strong patch–substrate attraction. (a) to (c):eb = 10.0kBT, andθap= 48◦,
63◦ and66◦ respectively from (a) to (c). (d):eb = 4.0kBT andθap= 75◦.
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Fig. 13Cluster size distribution in simulation with moderate
inter-patch attraction in (a) and schematic drawing of bond angles in
(b). (a):eb = 4.0kBT without patch–substrate attraction.θap of each
plot is shown in the picture. (b): Bond angles on a patch. top: three
bonds, bottom: two neighboring bonds.

without criticality-induced interaction), which was presum-
ably in equilibrium under thermal activation, the depth of the
inter-patch attractive potential would be a fewkBT.

To consider patch-size dependence, the experimentally ob-
served patterns in Fig. 7 (b) to (d) are compared with the equi-
librium patterns calculated under moderate inter-patch attrac-
tion, because the patterns were presumably in equilibrium in
these experiments as described earlier.

Both in the experiment (see Fig. 7 (b) to (d)) and simu-
lation (see Fig. 9 and 10), the abundance of small clusters,
typically N ≤ 4, increased with decreasingθap. The distribu-
tion of the cluster size, however, has a different feature. In
the experiment, a prominent peak of trimers or tetramers is
observed over the exponential-like decay following the peak
(see Fig. 8). In simulation, such a prominent peak over a long-
tail decay is not observed as shown in Fig. 13 (a); the plots of
θap= 60.0◦,66.0◦ and72.0◦ show exponential-like monotonic
decay after the peak atN = 3 or 4, although the plots are scat-
tered because of statistics and the internal structure of a zigzag
cluster.41

A possible origin of the difference is direction-dependent
inter-patch attraction caused by nonuniform thickness of a
patch. With the angle measured from the center of a patch,
θ , the thicknessh(θ)≃ h0(cosθ −cosθap) for θ ≤ θap.25 Be-
cause of the thickness dependence of van der Waals attrac-
tion, the attractive potential of a patch decreases toward the
edge. On the other hand, the average bond angle is60◦ for
the outer two bonds among three bonds, and it is30◦ for the
two neighboring bonds on a patch (Fig. 13 (b)), and the for-
mer bonds should thus be weaker than the latter ones. When
a linear cluster decomposes into triangular trimers or rhombic
tetramers, this difference in bond energy would compensate
the loss of internal energy to some extent, because a linear
cluster requires more three-bond patches than the small clus-
ters (cf. Fig. 7 (e)). Therefore, compared with clustering

under uniform inter-patch attraction in Fig. 13 (a), the popu-
lation of the small clusters is enhanced in the experiment, Fig.
8.

In addition to the above, there are other factors possibly as-
sociated with the orientational order in the experiment. The
thermal vibration of a cluster would be smaller and more
anisotropic for linear clusters than for the coexisting small
clusters. This difference might affect the spatial distribution
of the clusters, or even cause phase separation between lin-
ear and small clusters; Figure 7 (b) and (c) might suggest the
directional order of linear clusters and the nonuniform distri-
bution of linear and small clusters. Dynamic effects such as
anisotropic phonon transfer dependent on orientational order
would also be interesting. The small shape anisotropy of a par-
ticle due to the gold cap could also participate in inter-particle
interaction in such a dense system. These aspects are to be
considered in future work.

4 Conclusions

Our study experimentally shows the importance of ordering
kinetics in attaining a highly ordered state of patchy particles
even for orientational order.7,22,23The directional growth of a
zigzag pattern plays a key role in the ordering, as known for
the crystallization of isotropic colloids or even molecules and
atoms.42 By directly comparing the steady states, presumably
equilibrium states, of orientational order between experiment
and simulation, common ordering mechanisms are clarified:
the ground states are determined by the number of possible
bonds per patch via the patch size,14 and a transition between
the states becomes continuous with decreasing inter-patch at-
traction because of the effect of rotational entropy on bond-
ing.13 On the other hand, a larger population of a particular
cluster in the experiment would be an example that a cluster
state can be selectively formed by nonuniform inter-patch at-
traction.

These orientational orders induced by patchy particles have
various commonalities with similar orders in liquid crystals
and ferrofluid,38,39whereas the orders are purely orientational
in close-packed patchy particles. The orientational order of
dipoles or spins in condensed matter is also well known, al-
though their orientational order is usually inseparable from
positional order. Additionally, dipolar interaction favors head-
to-tail arrangement, as opposed to head-to-head or tail-to-tail
arrangement of patchy particles. Thus, there is the great pos-
sibility that condensed patchy particles will become a novel
mesostructured material having unique functionalities derived
from the purely orientational order and its response to the ex-
ternal conditions including applied field.
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in peaks ofψw at theN.8 The peaks are actually observed in this work at
N = 4 and 8 forθap= 78.0◦, and possibly for72.0◦, in Fig. 13 (a).
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Various orientational orders of one-patch colloidal particles were realized 

experimentally by controlling ordering kinetics. Comparison of them with the 

equilibrium orders calculated by simulation reveals the ordering mechanism. 
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