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Binary and higher-order multicomponent colloidal crystals
(bCC and mCC, respectively) are organized arrays of
particles with highly customizable architectures (feature
sizes and shapes) as well as hierarchy.[1,2] They can be
produced from combinations of uniform (monodispersed)
particle populations of either the same or differing materials.
These arrays have historically been produced by entropy-
driven self-assembly of sub-micrometer or nanoscale particles
for use in applications such as photonics (bandgap materials),
chemical or biological sensing, and microelectronics, where
their nanoscale features enhance their functionality.[3] The
breadth of applications where hierarchically porous structures
are useful can reach far beyond those dependent solely on
nanoscale features.[4–7] However, as the diameter of the
particle increases, self-assembly occurs over a much slower
time scale and becomes irrelevant as a naturally-driven
crystallization method. Thus systematic fabrication of materi-
als that span beyond the sub-micrometer scale has been
elusive.[5, 8, 9] At the other end of the spectrum, for millimeter-
scale (and larger) particles (granular), a driving force, such as
vibration, is essential to overcome the natural barriers to
particle motion and arrangement.[10] Recently, we showed that
one can bridge this gap in materials fabrication by using
ultrasonic agitation to mimic Brownian motion (or granular
vibration), and induce spontaneous assembly of microspheres
with dimensions ranging from the nano- to the milliscales into
hexagonal close-packed (HCP) two- and three-dimensional
crystals.[11] Herein, we extend this bottom-up assembly
approach to mixed systems of particles that include a span
in length scale that is larger than any explored to date to attain

complex hierarchical crystalline formations from binary and
multicomponent particle mixtures. By doing so, we have
created stoichiometric configurations of large, non-Brownian
particles that resemble those formed naturally by atoms and
molecules and heretofore have been reported only for
nanoparticles.[12–14] Specifically, we examine a range of radii
ratios (gS/L) and number ratios (NS/L) of small (S) and large
(L) microparticles within a mixture to explore a wide range of
resulting microstructures. Additionally, through post-process-
ing of these microstructures, we have demonstrated that it is
possible to evolve these ordered arrays into binary, inverted
crystalline structures with customizable hierarchically
ordered features and pore configurations that mimic those
in naturally occurring porous materials (such as zeolites).

In the context of particle self-assembly, the understanding
of interparticle interactions is crucial to interpreting particle
phenomena.[11, 15, 16] Many parameters, including the particle
material composition/density, size, and charge, are key con-
tributors to such behavior, especially in particle mixtures[13]

where size mismatch has also been shown to strongly
influence the resultant particle structures.[16] In fact, in hard
sphere (screen-charged) mixtures of nanoscale particles, it has
been observed that gS/L and NS/L determine whether the
system attains a stoichiometric or amorphous configura-
tion.[1, 13,16–19] Many experimental studies show that bCCs can
only be produced when 0.154< gS/L< 0.225; however, simu-
lation results suggest that 0.3< gS/L< 0.41 should be possi-
ble.[3] Recently, Cai et al. have experimentally expanded the
working size ratio to gS/L = 0.376 through convective assembly
to produce non-close packed binary crystals.[3,20] For mixtures
with particle size ratios ranging from the large particle being
three to five times larger than the small particles, entropic
ordering has been widely cited as a strong driving force
among sub-micrometer sized particles.[21,22]

Conversely, in granular mixtures, particle behavior is
dependent on an external force (usually a vibration) to induce
particle movement.[10] Typically the thermal energy in the
system (kB T) is orders of magnitude smaller than the energy
required to move that particle an appreciable distance.
However, oftentimes when binary particle mixtures are
vibrated, a separation phenomenon known as the “Brazil
nut effect” (large particles rise to the top and small particles
sink to the bottom), is often observed.[23–25] Between each
vibration, various metastable configurations may exist in the
particle bed and these states last until the next vibration
occurs.[10,11, 25, 26] Several factors affect the mixing/segregation
behavior of large granular particles, including the frequency
and amplitude of the vibration as well as the mass, density,
diameter ratio of binary mixture, and the inter-particle and
particle-wall coefficients of friction.[26]

Less is known about the assembly behavior of large, non-
Brownian microparticles than nano- and granular (centi/
milli-) scale particle behavior. Self-assembly of nanoscale
components is usually limited to bottom-up methods while
larger components are assembled by top-down methods.[27]

Microscale particles lie in the middle, however, with a great
deal of untapped potential as building blocks to be manip-
ulated in the creation of macroscale functional materials. By
employing self-assembly to organize non-Brownian particles,
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Abstract: Colloidal crystals are interesting materials owing to
their customizable photonic properties, high surface area, and
analogy to chemical structures. The flexibility of these materi-
als has been greatly enhanced through mixing particles with
varying sizes, compositions, and surface charges. In this way,
distinctive patterns or analogies to chemical stoichiometries are
produced; however, to date, this body of research is limited to
particles with nanoscale dimensions. A simple method is now
presented for bottom-up assembly of non-Brownian particle
mixtures to create a new class of hierarchically-ordered
materials that mimic those found in nature (both in pore
distribution as well as stoichiometry). Additionally, these
crystals serve as a template to create particle-based inverted
crystalline structures with customizable properties.
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microparticle-based structures can be created with new
opportunities for varying macroscopic hierarchy, surface
functionalization, and the diffusive properties. Engineering
these aforementioned properties allows the design of novel
materials for applications for which nanoscale features are
not suitable. Herein we explore a new method of creating
autonomously assembled, microparticle-based crystals from
particles with varying dimensions and compositions. Specif-
ically, we employ sonication as a means of artificially
thermally treating a system of large, non-Brownian micro-
particles such that we induce organization among particles up
to 0.1 mm in size.[11] Furthermore, we observe that it is
possible to produce a variety of predictable stoichiometric
patterns (corresponding to NS/L) from particles that are two to
three orders of magnitude larger than those previously
studied. We have achieved particle organization for mixtures
containing particles as small as dS = 0.6 mm and as large as
dS = 21 mm combined with dL = 100 mm, where d is particle
diameter, and S and L represent the small and large particle
populations, respectively. By further increasing the gS/L above
0.21, we have formed crystals among particles where dS =

21 mm and dL = 75 mm, yielding a ratio of gS/L = 0.28. How-
ever, as gS/L increases, the likelihood for organization and
achieving stoichiometric patterns decreases, as suggested in
previous studies of submicrometer-sized particles in the
literature.[28] As such, we did not experimentally observe
any pattern formation or long-range organization when
exploring particle combinations where gS/L> 0.28 or from
particle populations with a dispersity, or particle size distri-
bution above 5%. The process for producing these crystals is
described in the Supporting Information, Figure S1. While we
refer to these crystals as bCCs and mCCs to follow with the
nanoparticle naming convention, we acknowledge that the
particles used are non-colloidal (due to size).

In the crystallization process, a particle mixture in
deionized water (DIW) is deposited at room temperature
on a flat substrate and agitated by ultrasonic waves from
a sonication bath. The sonication effects can be altered by
changing the bath medium, the substrate, and the sonication
solvent.[11] In this work we tested a variety of substrates
including flat glass coverslips (both hydrophobic and hydro-
philic), a cubic plastic mold, and a cylindrical glass vial;
however, the bCC and mCC results shown throughout this
work are produced on a flat hydrophilic glass substrate for
ease of imaging (although qualitatively similar crystallization
occurred with all substrates). When preparing samples for
sonication, the volume of each particle solution (either
polystyrene (PS) or soda lime glass (SL)) can be altered
prior to mixing. We do not observe measurable differences
when varying the volume (V) ratio across a reasonably wide
range of values (a factor of five, as determined by measuring
the center-to-center distances among the large particles in the
resultant structures); however, larger changes in the volume
ratio (more than five times) result in drastically different
structures, depending on the number of large particles
available and the area over which they were dispersed (data
not shown).

Within each crystalline domain, we note a lack of overall
homogeneity, as highlighted in Figure 1A. We hypothesize

that this heterogeneity is due to variations in local particle
concentration resulting from improper mixing of the compo-
nent particles (similar to observations in Dai et al.).[29]

Specifically, we observe a tendency for the small particles to
form a layer on the substrate below the binary crystal
(verified on inverted light microscope). At the same time,
within the binary crystal, the concentration of small particles
is often greater around the edges of the crystalline domain
(Figure 1A). Despite inhomogeneity in particle mixing, the
local variations in NS/L result in the expected configurations
for these ratios, as highlighted by arrows in Figure 1A and
with images in Figure 1B (where they are further correlated
with variations in gS/L).

These areas of short-range order occur for 0.10< gS/L<

0.28. When the radius ratio is below 0.1 we observe closely
packed structures of the larger particles, with space-filling
from the smaller particles, but ultimately no discernable
stoichiometric pattern formation (Supporting Information,
Figure S2). Stoichiometric pattern formation was not

Figure 1. A) Representative overview image of a crystalline domain of
100 mm SL and 21 mm PS particles. The arrows i, ii, and iii indicate
different phases within the local regions on the sample. B) Structural
configurations formed at various radius ratios, ranging from 0.1
<gS/L<0.28. C) Disordered packing observed between particles out-
side of a feasible number (stoichiometric) range that would be
expected to produce order (21 mm and 15 mm in size, with gS/L =0.71).
All scale bars are 100 mm.
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observed at this lower bound owing to a geometric limitation,
where the smaller particles are too small to remain in the
larger particle interstitial spaces. On the other end of the
stoichiometric spectrum, Figure 1 C depicts the amorphous
particle arrangement that is typical for size ratios close to
unity (here, gS/L = 0.71), where instead of acting like inde-
pendent particle populations, the two particle sizes behave
more like a single non-uniform population, thereby leading to
disorder. Other incidents of disorder arise from the formation
of defects and cracks in the crystalline structure. We suspect
that the formation of defects for these non-Brownian bCCs
occurs in a similar way to defect formation among nano-
particle mixtures and monodispersed particle-based crystals.
The formation of defects and cracks may develop due to the
competition between the dense crystal structure formation
versus the hydrodynamic pressure in the fluid evaporation
process, non-uniformity in particle size, or changes in the
orientational configuration (for example, a switch between
HCP and FCC).[18, 30]

The methods described herein can be extended for the
creation of multicomponent crystals of varying gS/M/l

(Figure 2). Many combinations of triphasic crystals should
be feasible provided that a given phase and its nearest co-
mixture population are within the observed size ratio ranges
that allow crystallization (for example, gS/M, gM/L� 0.3, but
> 0.1). The mCC structures shown here are created by
sonication on a flat substrate with all particle solutions in
equal volume ratios.

We have also been able to form inverse hierarchical
crystals similar to those formed on the nanoscale.[14,31–33]

Inverted colloidal crystals (ICC) are widely studied and
fabricated with nanoparticles as well as with larger parti-
cles.[14, 34–37] However, in all previously reported studies, the
ICC backbone is comprised of a continuous solid material
(usually a polymer).[20, 32, 38, 39] Here, we demonstrate the novel
use of fused, smaller particles serving as the backbone
material to the ICC, creating an open and interconnected
network known as a particle-based ICC. Figure 3 depicts
these structures formed from fused 1, 10, or 21 mm polystyr-
ene particles that remain after etching away the 100 mm soda
lime particles. The original binary crystal was co-assembled as
described previously, however an excess of the smaller
particles was used to achieve a higher degree of sample
homogeneity (bCC and particle-based ICC seen in the
Supporting Information, Figure S3). These structures are
observed to have long-range order over a large area, as

shown in Figure 3B, D, F. Within these particle-based ICCs,
1) niche microenvironments form in the large spherical
cavities; 2) an innate interconnectivity emerges from the
porous nature of the crystalline walls composing the scaffold;
and 3) an increased internal surface area can be achieved by
optimizing particle and fusion point size.

By agitating particles in a way that can overcome gravita-
tional and kinetic limitations, we have shown that conven-
tional applications of self-assembly typically employed at the
atomic and nanoscale can be translated to the microscale
where the impact of Brownian forces are negligible. Further-
more, this mimicry of natural thermal processes can be used in
the creation of larger-scale multicomponent crystals and the
formation of their inverse structures. These structures can be
produced from particles of varying sizes and materials,
allowing rapid, bottom-up creation of hierarchical (and
porous) materials that would traditionally be produced
through a (potentially lengthy and costly) top-down
approach. Additionally, their macroscopic shape can be
easily engineered by varying the substrate shape in the
fabrication process. These materials offer new opportunities
for creating customizable and self-assembled niche micro-
environments for drug delivery and tissue engineering, as well
as new acoustic dampening, battery, and filtration materials,
among others. Additionally, they resemble naturally derived
materials such as zeolites and biological tissue (for example,
bone, cartilage, and lung), owing to their high surface area, bi-
dispersed pore distribution, and multilevel hierarchy.[39–41]

Translation of such materials will require scaling up the
crystallization process. Further investigation into the mech-
anism behind microparticle mixture organization may allow
for the creation of large crystalline domains with long-range
order within bCC, mCC, and particle-based ICC structures.

Keywords: colloidal crystals · microparticles ·
multicomponent crystals · nanostructures · self-assembly
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