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Self-assembly of microscopic building blocks into highly ordered
and functional structures is ubiquitous in nature and found at all
length scales. Hierarchical structures formed by colloidal build-
ing blocks are typically assembled from monodisperse particles
interacting via engineered directional interactions. Here, we show
that polydisperse colloidal bananas self-assemble into a com-
plex and hierarchical quasi-two-dimensional structure, called the
vortex phase, only due to excluded volume interactions and poly-
dispersity in the particle curvature. Using confocal microscopy,
we uncover the remarkable formation mechanism of the vor-
tex phase and characterize its exotic structure and dynamics at
the single-particle level. These results demonstrate that hierar-
chical self-assembly of complex materials can be solely driven by
entropy and shape polydispersity of the constituting particles.
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Self—assembly of microscopic building blocks is a powerful
route for preparing materials with predesigned structure and
engineered properties (1-7). Nature provides a fascinating range
of self-assembled architectures offering insight into how struc-
tural organization can emerge at different length scales (8-13).
In the biological world, for instance, tobacco mosaic virus coat
proteins self-organize into sophisticated capsids around viral
RNA strands (11, 14). In molecular systems, lipid molecules,
such as fatty acids, form a range of self-assembled structures as
relevant as cell membranes and vesicles (15, 16). At the colloidal
scale, a rich variety of crystals with remarkable optical properties,
such as opal and other gemstones, also assembles from a range
of colloidal constituents (12, 17-20). The structural complexity
of self-assembled materials is typically dictated by the combina-
tion of the type of interactions between the constituent building
blocks and their shape (2, 3, 5, 6). Colloids are ideal systems to
independently study the role of these key parameters, as their
shape and interactions can be systematically tuned and rationally
designed (5, 18, 21-23).

In colloidal systems interacting solely via excluded volume
interactions, the shape of the particles can already lead to
the assembly of complex structures (24-28). For instance,
binary colloidal crystals (25) are obtained from spherical par-
ticles, complex dodecagonal quasicrystals are formed by tetra-
hedrons (26), and exotic banana-shaped liquid crystals are
assembled from colloidal bananas (28). Introducing complex
interactions between the colloidal building blocks—on the top of
their shape—leads to their assembly into hierarchical materials
with structural order at multiple length scales (3, 29-31). Exam-
ples include colloidal diamond structures assembled by patchy
tetrahedrons functionalized with DNA strands (20) and super-
lattice structures formed by octapod-like particles functionalized
with hydrophobic molecules (32). The successful hierarchical
self-assembly of these structures relies not only on the direction-
ality of the particle interactions but also, on the uniformity in
size of the constituent building blocks, as polydispersity typically
disrupts ordering via the formation of defects (33, 34).

In this work, however, we show that a colloidal suspension of
polydisperse banana-shaped particles interacting only via simple
excluded volume interactions (28) self-assembles into remark-
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ably ordered concentric structures, which we term colloidal
vortices. At high packing fractions, these structures form a quasi—
two-dimensional (quasi-2D) hierarchical material, which we
term the vortex phase. Using confocal microscopy, we uncover
the formation mechanism of this tightly packed phase and char-
acterize its exotic structure and dynamics at the single-particle
level.

Vortex Phase from Polydisperse Bananas

In Fig. 1, we present confocal microscopy images of polydis-
perse micrometer-sized SU-8 colloidal bananas in water (28)
with a radius of curvature R, length L, and opening angle «
(the schematic is in Fig. 14) at low and high packing fractions
¢. These images are taken close to the bottom wall of the sample
container, where the particles have sedimented into monolayer
with only a few particles above it (ST Appendix, Fig. S11). While
at low ¢ the bananas form an isotropic phase (Fig. 1B), at high ¢
bananas self-assemble into a vortex phase (Fig. 1C). This phase
has a quasi-2D nature and a two-level hierarchical structure
where the individual bananas first self-organize into colloidal
vortices (Fig. 1D), which then further assemble into a colloidal
vortex phase (Fig. 1C). Note that our colloidal vortex phase
shows a structural resemblance to vortex matter seen in liquid
crystals (35, 36) and magnetic materials (37, 38) (the vortex-
like orientational field formed by the long axes of the bananas
is shown in Fig. 1 D, Inset), but it does not have rotational flow
properties.

Significance

Hierarchically self-assembled materials—structures with order
at multiple length scales—can be found everywhere. Exam-
ples range from collagen structures in human bones to engi-
neered photonic materials. These structures usually assemble
from monodisperse microscopic building blocks that interact
via complex directional interactions. In this work, we show
that hierarchical materials can, in fact, also be assembled
from polydisperse building blocks and by entropic interactions
alone. Our simple yet powerful assembly mechanism opens
up avenues toward rationally exploiting the often undesired
polydispersity of colloidal building blocks for programming
entropy-driven self-assembly of hierarchical materials.
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Fig. 1.

Colloidal vortices from polydisperse banana-shaped particles. (A) Schematic showing the formation of colloidal vortices from polydisperse banana-

shaped particles with a radius of curvature R, length L, opening angle «, and packing fraction ¢. (B) Confocal microscopy images of (D) a dilute sample
(¢ = 0.05) and (C) a concentrated sample of polydisperse bananas (¢ = 0.70) showing the hierarchical assembly of colloidal vortices. (D) Zoomed-in view of
a single colloidal vortex. Inset shows the orientational field (white arrows) of the long axes of the bananas. (E-G) Image of a colloidal vortex where the
bananas are colored according to their (E) radius of curvature, (F) opening angle, and (G) length as indicated in the legend bars. (Scale bars: Band C, 10 um;

D, 5 um.)

As seen in Fig. 1D, colloidal bananas within a vortex show con-
centric assembly where the radius of curvature of the particles
increases with their radial position from the center of the vortex.
This is quantified in ST Appendix, Fig. S1 and is also evident from
Fig. 1E, where the particles are colored according to their radius
of curvature. A strong radial dependence is also observed in the
opening angle (Fig. 1F and SI Appendix, Fig. S1), as bananas with
a high a tend to be located closer to the center of the vortex; how-
ever, no substantial relation is found between the particle length
and the radial position, as shown in Fig. 1G and SI Appendix,
Fig. S1.

Role of Curvature and Opening Angle

To unravel the effect of curvature and opening angle on the
structural formation of the colloidal vortices and the vortex
phase, we prepare mixtures of two populations of polydisperse
bananas with similar average lengths (L ~ 12 um) but signifi-
cantly different curvatures and opening angles, as shown in the
schematics in Fig. 2. Then, we systematically change the com-
positions of the mixtures in order to carefully tune their R and
a-distributions. Population A has a mean radius of curvature
of R4 = 6.1 um with a mean opening angle of ax = 140°,
and population B has R = 12.9 pm with ap = 70° (the dis-
tributions are shown in Fig. 2 F and G and SI Appendix, Fig.
S3). Note that the polydispersities in curvature, opening angle,
and length are, respectively, or ~ 40%, oo =~ 50%, and o, ~
40% for both populations. In Fig. 2 41-E1, we show confocal
images of mixtures at similar overall packing fractions of ¢~
0.7 but different compositions, expressed as the number frac-
tion of bananas from population B, zp. Notably, we observe that
while vortex phases form at low zp (Fig. 2 A1 and B;), mixtures
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of vortices and liquid crystalline (LC) order form at interme-
diate zp (Fig. 2 C: and D;), and only LC structures, in this
case the splay-bend nematic phase (28), form as zp approaches
unity (Fig. 2E1).

We next address the role of the particle curvature on the
structural formation of these phases by measuring the overall
curvature distributions of the bananas in all the mixtures (S
Appendix, Fig. S4) and by characterizing their local arrangement
via coloring the bananas according to their curvature (Fig. 2 4
2). First, we observe the characteristic assembly of the bananas
into curvature-sorted concentric structures in those samples with
zp = 0 to 0.85 (Fig. 2 A2 and D). Interestingly, we find that
the radius of the vortices, Ry, increases from 7.1 to 17.2 um as
zp increases from 0 to 0.85, as shown in Fig. 2H (SI Appendix
has details of Ry measurements). This is consistent with the fact
that the fraction of bananas with large average radii of curva-
ture (Rg), and hence, those that are typically located at the outer
part of the vortices delineating their size, also increases with zp.
Accordingly, we find that Ry is roughly proportional to the mean
radius of curvature of all the bananas in the mixture, R, especially
at low zp (Fig. 2H). However, the discrepancy between Ry and
R increases at higher 2 as R seems to be highly sensitive to the
fraction of particles with large radius of curvature. Remarkably,
the size polydispersity of the vortices (~15%) is ~60% lower
than that of the individual bananas (~40%), which is inherent
to the single vortices being able to accommodate multiple parti-
cle curvatures. Similar size polydispersity reductions have been
seen in other polydisperse systems as a result of self-assembly
processes (e.g., refs. 39 and 40). We also note that at high zp
(Fig. 2 D2 and E>), where the bananas mostly self-assemble into
a splay-bend nematic phase (28), the particles with larger radius
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Fig. 2. Role of curvature and opening angle in the formation of vortex phases. (A;—-E1) Confocal microscopy images of mixtures of polydisperse bananas at
a packing fraction ¢ ~ 0.7 with number fractions xg = 0, 0.35, 0.65, 0.85, and 1, respectively. (A,-E,) Bananas colored according to their radius of curvature R.
(A3-E3) Bananas colored according to their opening angle « being larger (white) or smaller (orange) than 180°. Distributions of the (F) radius of curvature
and (G) opening angle of the original populations. (H) Mean vortex radius Ry and mean radius of curvature of all bananas R. Inset shows a sketch of a
colloidal vortex and its mean radius Ry. () Percentage of bananas with o > 180° as a function of the mixture number fraction xz. (Scale bars: 15 um.)

of curvature tend to be located in the inflection point between
neighboring layers of the LC phase.

While polydispersity in the radii of curvature is clearly at the
heart of the assembly of the vortices and their size, it does
not fully explain the transition between the vortex and the LC
phase at increasing zp. To this end, we consider the role of the
opening angle in this transition by measuring the opening-angle
distributions of the bananas at all zz (SI Appendix, Fig. S4).
Next, we characterize the fraction of bananas with high open-
ing angles, which we consider to be a> 180° (i.e., of bananas
taking up more than half of a full circle). Then, we produce
binarized images according to high or low «, as shown in Fig. 2
As — Es. From these images, we observe that bananas with high
« are predominantly found at the center of each vortex (Fig.
2 A3 — (3) and crucially, that no vortices are formed around
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bananas with o< 180° (Fig. 2 Ds and E3). This clearly sug-
gests that the presence of bananas with high opening angles is
key for the formation of the vortices. We measure the percent-
age of bananas with high «, at all compositions (Fig. 27), and find
that it decreases from 25 to 0% as zp approaches unity. We also
find that when this percentage is smaller than 10%, the system
transitions from a vortex phase to a mixture of vortices and LC
ordering.

Combining our results on the role of curvature and opening
angle, we conclude that vortex phases form when there is a large
range of radius of curvatures with a polydispersity of ~40%—
allowing for the radial concentric ordering according to R—and
a minimum of 10% of bananas with high opening angles and
small radius of curvature, which act as the nuclei of the vor-
tices. Note that at high zzp—i.e., in the absence of bananas with
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high opening angles, but still in the presence of a large polydis-
persity in curvature—the system does no longer find the most
efficient packing by forming vortices, but via the formation of
+1/2 defects in an LC environment (S Appendix, Fig. S7). Note
that the vortices can be also seen as +1 defects (36, 41).

Formation of the Vortex Phase and Phase Behavior of
Polydisperse Bananas

Next, we follow the formation dynamics of the colloidal vortex
phase in real time using confocal microscopy. We prepare sam-
ples of bananas at a composition of zz = 0.35 (where the vortex
phase forms) that sediment toward the bottom of the sample cell,
forming a quasi-2D monolayer (SI Appendix, Fig. S11), which we
image over time as shown in Fig. 34 and B.

The formation of the colloidal vortices is a complex and
dynamic process where bananas with different curvatures con-
stantly try to form different concentric configurations in order
to optimize their packing (42-44) as the particle concentration
increases with time (Fig. 34 and Movie S1). The out-of-plane
motion of the bananas is crucial for allowing the particles to
reconfigure and find the right curvature matching the one of
the already formed vortex (SI Appendix, Fig. S9 and Movie S1).
As the packing fraction increases, new vortices continue to form
and simultaneously self-assemble into the vortex phase (Fig. 3B
and Movie S2). We observe that the typical timescale associ-

ated with the formation of single vortices is on the order of
few hours, whereas their hierarchical self-assembly into a vortex
phase takes place over tens of hours, clearly showing the two-step
hierarchical nature of the formation of a vortex phase.

To systematically study the phase behavior of the colloidal
vortices as a function of the packing fraction ¢, we prepare con-
centrated samples at a fixed composition of zp = 0.35. Then,
we equilibrate them using a small tilt angle to induce a gradient
in ¢ and hence, access multiple packing fractions using a sin-
gle sample. In Fig. 3C, we show confocal microscopy images of
the system at different ¢, where the bananas are colored accord-
ing to their curvature (SI Appendix, Fig. S10 shows images at all
¢). While the bananas show isotropic ordering (/) at low pack-
ing fractions (Fig. 3C1), above ¢ = 0.28 they start to locally
self-assemble into colloidal vortices exhibiting isotropic—vortex
coexistence (I — V), as shown in Fig. 3C>. Note that we use
custom-written image analysis routines to identify the assembly
of the bananas into vortices, which are discussed in SI Appendix
(SI Appendix, Fig. S6). Around ¢ = 0.59, the majority of the
bananas self-assemble into vortices, forming the vortex phase
(V) (Fig. 3 C3 and Cy4). This is corroborated by the increase of
the fraction of bananas in vortices as a function of ¢ (Fig. 3D),
clearly showing the two main phases observed in this system. To
further characterize these, we quantify the number of vortices,
Ny ; the number of bananas per vortex, N/ V; and their radii,
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Formation and phase behavior of colloidal vortices. Confocal images of (A) the formation of a single colloidal vortex and (B) the hierarchical self-

assembly of vortices into the vortex phase at different times, t, after the sample preparation at xz = 0.35. (C) Confocal images colored according to curvature
at packing fractions ranging from ¢ = 0.21 to ¢ = 0.75. (D) Fraction of bananas in vortices as a function of ¢. (E) Number of vortices, N,, and number of
bananas per vortex, Ng/V, as a function of ¢. (F) Average size the vortices, Ry, as a function of ¢. Inset shows a sketch of a colloidal vortex and its mean

radius Ry. (Scale bars: A and B, 10 um; C, 20 um.)
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Fig. 4. Structure and dynamics of the colloidal vortex phase. (A) Large field
of view confocal microscopy image of the vortex phase. Inset shows its radial
distribution function g(r). (B) Voronoi plot of the vortex phase, where the
cells are colored according to the number of neighboring vortices. Inset
shows the histogram of the number of nearest neighboring vortices. (C)
Averaged confocal time series over 60 min. (D) Tracking of the center of
mass of a single vortex in the vortex phase and (D) tracking of the short-
axis orientation (colored arrows) of a single banana in a vortex. (Scale bars:
Aand B, 25 um; C, 10 um; D, 5 um.)

Ry, as a function of the packing fraction, as shown in Fig. 3 D-
F (SI Appendix). In the coexistence region (¢ = 0.28 to 0.59),
the number of vortices increases proportionally with ¢, while the
number of bananas per vortex plateaus (Fig. 3E), which suggests
that bananas self-assemble into vortices but still have space to
reconfigure. We also measure an initial increase of the size of the
vortices with ¢, followed by a slight decrease, as the vortices are
simply being compressed by the increasing density of vortices in
the sample. In the vortex phase (¢ > 0.59), most of the bananas
are forming vortices, and these just grow in size with increasing ¢.
This is shown by the roughly constant number of vortices (N v ~
40) and the increase in the number of bananas per vortex up to
Np/V =~ 20 (Fig. 3E) and vortex size up to 12 um (Fig. 3F) as ¢
reaches 0.75.

Structure and Dynamics of the Vortex Phase

Finally, we characterize the structure and dynamics of the vortex
phase at the vortex and single-particle level as shown in Fig. 4.
First, we demonstrate that vortex phases form over large length
scales as shown in the large field of view confocal microscopy
image in Fig. 44. From this image, we calculate the radial
distribution function, g(r) (Fig. 4 A, Inset), and the Voronoi con-
struction (Fig. 4B) of the vortex phase using the center of mass
coordinates of the constituent vortices. The appearance of the
g(r) is characteristic of that of a liquid-like structure with short-
range correlations only, which is consistent with the absence
of significant long-range ordering of the vortices shown by the
Voronoi plot and a broad distribution of nearest neighbors (Fig.
4B). We also note that the liquid-like structure of the vortex
phase is consistent with the fact that the vortices are polydisperse
in size (~15%) (45).

Lastly, we characterize the dynamics of the vortex phase by
taking snapshots of its structure over time. Fig. 4C shows an

Fernandez-Rico and Dullens

Hierarchical self-assembly of polydisperse colloidal bananas into a two-dimensional vortex phase

average image of the vortex phase over 60 min and qualitatively
reveals that the vortices are not very mobile in the vortex phase
as their structure can still be fairly well resolved after a relatively
long time. This is quantified by tracking the center of mass of
a single vortex in the vortex phase (Fig. 4D1), from which we
extract an approximate diffusion coefficient of Dy ~ 0.3 nm/s?
(SI Appendix has Dy measurements). The small Dy value is not
surprising as vortices are large and complex “compound parti-
cles” moving in a highly packed environment (¢ ~ 0.7). Also, we
note that the measured mean square displacement (SI Appendix,
Fig. S12) appears subdiffusive at larger lag times, which could
suggest a glassy nature of the vortex phase (46). Interestingly,
we find that while individual bananas are radially confined in the
vortices, these are actually mobile in the azimuthal direction as
inferred from the large span of colored arrows representing the
orientation of the short axis of the bananas (Fig. 4D, and SI
Appendix, Fig. S13). In other words, this qualitatively confirms
the entropy-driven assembly of the colloidal bananas into vor-
tices at high packing fractions, as the bananas seem to maximize
their azimuthal degrees of freedom at the expense of their radial
free volume (42, 43, 47).

Conclusions and Outlook

In summary, we have shown that polydisperse colloidal bananas
interacting only via simple excluded volume interactions can
lead to the hierarchical self-assembly of banana particles into
colloidal vortices, which then further assemble into a quasi-2D
vortex phase with liquid-like structure. We demonstrate that
both the size and number of vortices can be controlled by tun-
ing the geometrical features of the constituent colloidal bananas,
such as their curvature and opening angle. These results pro-
vide a stimulating example as to how polydispersity can be
actually crucial for generating ordering across multiple length
scales. As such, with our results we open avenues toward ratio-
nally exploiting the often undesired polydispersity of colloidal
building blocks for programming entropy-driven self-assembly
of functional materials with predesigned structure. In addition,
we foresee many opportunities for further studies including, for
instance, the extension of the vortex phase into the third dimen-
sion, the effect of the particle size distributions on the structure
of the phases, and the nucleation of vortices using spherical par-
ticles. All of these studies will provide further insight into the
self-assembly of complex structures at the colloidal scale.

Materials and Methods

Synthesis of Colloidal SU-8 Bananas. The colloidal SU-8 banana-shaped par-
ticles were prepared according to the procedure described in ref. 28. First,
long SU-8 rods were synthesized via shear-flow mixing of an emulsion of
SU-8 droplets in glycerol. The resulting rods were partially cross-linked by
means of ultraviolet (UV)-light exposure for 30 min. In order to induce the
deformation of the rods into bananas, rods were subsequently heated in a
95 °C oven for another 30 min. Finally, the banana-shaped particles were
fully cross-linked via a long exposure to UV light for 60 min. The result-
ing colloidal bananas were transferred to water containing 0.5% Pluronics
F-108. More details about the procedure are given in S/ Appendix.

Confocal Imaging of Vortex Phases. To study the assemblies formed by our
colloidal bananas, we filled rectangular VitroCom capillaries (0.1 mm x 0.2
mm x 5 cm) with aqueous dispersions of SU-8 bananas with an initial vol-
ume fraction of ¢ ~ 0.1, which we subsequently sealed using epoxy glue.
The colloidal SU-8 bananas slowly sedimented toward the bottom of the
sample cell, forming a quasi-2D monolayer, where the imaging was per-
formed. Note that samples were typically equilibrated for at least a week
prior to imaging. A small tilt of 2° to 3° was used during the equilibration
time in order to induce a small packing fraction gradient along the capillary,
which enabled the concentration-dependent phase behavior studies using a
single sample.

Confocal microscopy images with a 16-bit pixel depth were acquired
using a 12-kHz resonant scanner head (Thorlabs) and a 532-nm laser, cou-
pled to an Olympus IX73 inverted microscope equipped with a 60x (1.42
numerical aperture) oil immersion objective (Olympus).
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Image Analysis from Confocal Images. The radius of curvature, length,
and opening-angle distributions of the colloidal SU-8 bananas were
determined by measuring the radius of curvature, length, and open-
ing angles of at least 200 particles from the confocal microscopy
images using the custom-written image analysis routines in Mathematica
described in S/ Appendix. The polydispersity (percentage) of the parti-
cles is defined as o;=46;/(i), where ¢; is the SD and (i) is the mean
value.

The number of vortices, the number of particles per vortex, and the
vortex size were extracted by using a cluster algorithm function in Math-
ematica, which is described in S/ Appendix. The packing fraction of the
samples was calculated from binarized images as ¢ = N, /N, where N,
is the number of bright pixels corresponding to the colloidal bananas
and N is the total number of pixels in the field of view. We also
used custom-written image analysis routines in Mathematica to calcu-
late the radial distribution function and the Voronoi construction of the
colloidal vortices, as well as to perform the tracking of the center of
mass of the vortices and the orientation and position of the individual
bananas.
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Scanning Electron Microscopy Characterization. The average diameter,
length, and curvature of the colloidal SU-8 bananas were also determined
by analyzing at least 200 particles from scanning electron microscopy (SEM)
images using custom-written image analysis routines in Mathematica. SEM
images were taken with a JSM-6010LV electron microscope working at 20
kV. Samples were prepared by depositing a drop of diluted aqueous parti-
cle dispersion onto a silicon chip. The solvent was evaporated using a heat
lamp. Prior to the imaging, a thin layer of palladium was deposited on the
sample using a Quorum SC7820 Sputter Coater.
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