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ABSTRACT: Mixtures of anisotropic nanocrystals promise a
great diversity of superlattices and phase behaviors beyond
those of single-component systems. However, obtaining a
colloidal shape alloy in which two different shapes are
thermodynamically coassembled into a crystalline superlattice
has remained a challenge. Here we present a joint
experimental−computational investigation of two geometri-
cally ubiquitous nanocrystalline building blocksnanorods
and nanospheresthat overcome their natural entropic
tendency toward macroscopic phase separation and coassem-
ble into three intriguing phases over centimeter scales,
including an AB2-type binary superlattice. Monte Carlo
simulations reveal that, although this shape alloy is entropically stable at high packing fraction, demixing is favored at
experimental densities. Simulations with short-ranged attractive interactions demonstrate that the alloy is stabilized by
interactions induced by ligand stabilizers and/or depletion effects. An asymmetry in the relative interaction strength between rods
and spheres improves the robustness of the self-assembly process.
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Colloidal mixtures of differently sized and shaped nano-
crystals (NCs) not only serve as model systems for

studying a variety of processes in condensed matter but also
provide a bottom-up approach for the chemical design of NC-
based metamaterials with emergent properties. The majority of
existing works on self-assembly of colloidal NCs into ordered
superlattices focuses on single- and multicomponent spherical
NCs (nanospheres, NSs)1−5 as well as single-component
nonspherical NCs.6−13 In contrast, assemblies of mixtures of
distinct shapes have remained largely unexplored and are only
beginning to be investigated.1,14−18 A simple deviation from the
spherical shape is found in cylindrical nanorods (NRs), for
which an extensive library of compositions exists through recent
advances in NC synthesis.12,19−22 NRs have been coassembled
together with NSs into planar structures. Sańchez-Iglesias and
co-workers14 used Au nanowires as colloidal templates for the
oriented assembly of Au NSs as well as short Au NRs. Nagaoka
et al.16 explored the coassembly of CdSe/CdS NRs and Au
NSs. However, the spatial extent of ordering has been limited
to submicrometer-sized areas and to two dimensions.
The mixture of rods and spheres is a well-studied model

system for colloidal matter exhibiting rich and complex phase
behaviors.23−33 In most of these works, rods are rigid polymers
and approximated to be thin,23−27,29,32,33 noninteract-
ing,27,29,30,33 and parallel.24,28 In a seminal report of binary

mixtures of rod-like fd viruses (6.6 nm diameter, 880 nm
contour length) and polystyrene latex spheres (diameter
ranging from 22 nm to 1 μm), Adam et al.25,26 observed
both macroscopic (bulk) demixing and microscopic phase
separation. They discovered intriguing microsegregated struc-
tures including the columnar and lamellar phases, which they
concluded were entropically stabilized. First reported in a
theoretical study of hard particles,24 the lamellar phase consists
of smectic layers of parallel rods alternating with thin layers of
spheres. It is also known from simulation studies that assembly
of the lamellar phase can be difficult because it competes with
bulk demixing.28

In colloidal systems, excluded-volume effects are often
accompanied by enthalpic interactions that can introduce
further complexity into the phase diagram. For example,
simulations of hard Gaussian overlap rods and hard spheres
result in macrophase separation,30 but Gay−Berne rods and
Lennard−Jones spheres can exhibit a lamellar (smectic) phase
for strong rod−sphere interaction.31 Diversity in phase
behavior resulting from the interplay between shape and
interaction anisotropy has also been observed at the nanoscale,
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where certain exotic phases are not accessible by excluded-
volume effects alone.7,9,10,13,34 In real NC systems, it is usually
nontrivial to quantify the strength and distance dependence of
nanoscale forces, most of which cannot be measured directly.
Moreover, various interactions can compete, including van der
Waals, electrostatic, magnetic, molecular surface, and depletion
effects.35 However, in the absence of electrostatic (including
electric dipole interactions) and magnetic forces, the particle
geometry often dominates,36 and self-assembly of binary
superlattices is challenging.37 Interactions can then be
considered as a perturbation.6,9,10,13,38

In the present work, we report the self-assembly of colloidal
NRs and NSs into highly ordered three-dimensional (3D)
binary nanocrystal superlattices. Using a range of rod−sphere
combinations, we demonstrate that both macro- and micro-
phase-separated binary phases can be formed over extended
areas (centimeter scale) with individual grains approaching 100
μm2. Electron microscopy observations and analyses allow the
identification of bulk demixing (Figure 1a,d) and two binary
nanocrystal shape alloys (BNSAs), the lamellar phase (Figure
1b,e) and the AB2 BNSA (Figure 1c,f). We further reproduce
and analyze the assembly of rod−sphere binary systems in
Monte Carlo (MC) simulations by extensively exploring the
parameter space spanning particle shape and strength of
interparticle interactions. Our simulations show that short-
ranged attractions play a key role in helping the shapes to
overcome their entropic tendency toward demixing by
facilitating and stabilizing the AB2 BNSA.

NCs are synthesized according to previously reported
procedures (see Supporting Information). We focus on the
combination of Fe3O4 NSs (diameter: 11.0 ± 0.4 nm) and
NaYF4 NRs (length: 38.5 ± 1.5 nm, diameter: 19.5 ± 1.0 nm)
for AB2 BNSAs. To understand the role of relative size ratios
between NRs and NSs, we also explore rod−sphere
coassemblies with different-sized NSs including UO2 (7.4
nm), Au (5.5 nm), and Pd (4.5 nm), as well as CdSe NRs
(length: 17.4 ± 1.5 nm, diameter: 4.9 ± 0.4 nm). Assembly into
ordered superlattices is induced at the liquid−air interface
through slow evaporation of the solvent hexane.8,13,39 Single-
component NCs readily assemble into superlattices expected
for their shapes. NSs form stacked hexagonal layers as found in
the face-centered cubic or hexagonal close-packed superlattice
(Figure S1). When restricted to monolayers, NRs align their
long axes either parallel (Figure S2a) or perpendicular (Figure
S2b) to the liquid−air interface. At higher NR concentrations,
they assemble into stacks of hexagonal layers with side-by-side
contact of parallel NRs within each layer. NRs from
neighboring layers are offset by about half a rod diameter,
which maximizes packing density by avoiding unfavorable tip-
to-tip contacts.
As shown in Figures 2 and S3, BNSAs comprised of

alternating single layers of NRs and NSs are formed with
appropriate concentrations of NaYF4 NRs (15 mg/mL) and
Fe3O4 NSs (∼3 mg/mL). The NRs within the BNSAs exhibit
simultaneous positional and orientational order, as manifested
by the sharp diffraction spots in the wide-angle as well as the
small-angle electron diffraction patterns (Figure 2b,c). The

Figure 1. Self-assembled superlattices of NSs and NRs. Depending on the aspect ratio of the rods and the size ratio of the rods to the spheres, we
observe three different phases: (a, d) bulk demixing, (b, e) the lamellar phase with disordered (mobile) spheres, and (c, f) the AB2 BNSA with full
positional order. TEM images (a−c) are accompanied by theoretical reconstructions (d−f). Scale bars: 25 nm.
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Moire ́ fringe patterns arising from the superposition of atomic
lattices of parallel NRs further confirm the 3D crystalline order
of the NRs within each layer (Figure 2d). To fully characterize
the structure of the BNSAs, we have performed TEM tilting
experiments starting from the commonly observed projection
(Figure 2e). As shown in Figure 2f, after tiling around the
horizontal axis for about 33°, two partially overlapping Fe3O4
NSs appear in the interstitial spaces between four neighboring
NaYF4 NRs, suggesting an AB2 stoichiometry between NRs and
NSs. Scanning electron microscopy (SEM) is employed to
obtain surface structural information and 3D views through
micrographs recorded with a large depth of focus. SEM images
taken from the “cracked” regions clearly demonstrate the 3D
nature (estimated to be 10−15 NR layers) as well as details of
the ordered arrangements of NRs and NSs in the BNSAs
(Figure 3a−c). High-magnification SEM images (Figures 3e,f
and S4e,g) show that the presence of NSs disrupts the spatial
offset between neighboring NR layers and gives rise to a NR

arrangement different from that in pure NR superlattices
(Figure S2a). More importantly, SEM images reveal that
structural defects including a few missing NSs or NRs, and
voids that are filled by several NSs, occur predominantly on the
top surface of the BNSAs and do not seem to alter the global
packing symmetry (Figure 3d−g). From this observation we
conclude that BNSA crystallization initiates at the liquid−liquid
(hexane wetting layer−ethylene glycol) interface. The BNSAs
then grow “upwards” by successive incorporation of NRs and
NSs onto the uppermost layer of the crystallites.40 Moreover,
high-magnification SEM images show that, in the AB2 BNSAs,
NaYF4 NRs that have a roughly hexagonal cross section (Figure
S2b) develop a preferred orientation, with one of their side
edges perpendicular to the horizontal liquid−air interface
(Figures 3f and S4e−g). This picture is also supported by the
appearance of {100} diffraction spots and simultaneous
disappearance of {110} spots in the small-angle electron
diffraction pattern (Figure 2b). The oriented arrangement of
the NRs maximizes the contact area between neighboring NRs,
thereby increasing the packing density.
We also study the phase behavior of NaYF4 NRs and 11.0

nm Fe3O4 NSs as a function of both relative and total
concentrations of the two building blocks. When the particle
number concentration of NSs is either much smaller (<0.2 mg/
mL) or much greater (>7 mg/mL) than that of NRs (15 mg/
mL), bulk phase separation occurs (Figure S5). The AB2
BNSAs does not form until the concentration of NSs (2−3.5
mg/mL) becomes high enough to form complete single layers
that alternate with single layers of NRs. Interestingly, a further
increase in the concentration of NSs (4−5 mg/mL) does not
result in alternating single NR layers with multiple layers of
NSs. In fact, the AB2 BNSAs can coexist with superlattices of
NSs or sphere-rich aggregates until the concentration of NSs
(>7 mg/mL) far exceeds that of NRs. In addition, given the
optimal rod-to-sphere concentration ratio for the AB2 BNSAs,
the total concentration of NCs also plays an important role. At
low concentrations (<3 mg/mL), entropy of mixing dominates,
and a random mixture of NRs and NSs are often seen. As the
NC concentration increases (∼12 mg/mL), microphase
separation into alternating layers is observed, and the AB2
BNSAs appear as stripes or filament-like assemblies (Figure 4).
Individual filaments have a relatively uniform diameter that
varies among different filaments in the same sample. We
observe a typical filament length of several micrometers for
intermediate NC concentrations, reaching a larger average
domain size (up to ∼50 μm2) at higher NC concentrations
(∼18 mg/mL).
To further explore the phase behavior of rod−sphere

mixtures, NSs of various diameters are used in combination
with NaYF4 NRs. 7.4 nm UO2 NSs coassemble with NaYF4
NRs into ordered arrays (Figures 5 and S6). Because of their
smaller size, the UO2 NSs now remain disordered, stabilizing
the lamellar phase. A higher number of NSs occupy the
interstitial spaces between neighboring NR layers, increasing
the number ratio between NSs and the NRs beyond 2. As the
diameter of the NSs decreases, bulk demixing sets in, and phase
separation into rod-rich and sphere-rich phases occurs.
However, at very low total NC concentrations (∼1 mg/mL),
we observe two-dimensional assemblies where NSs (7.4 nm
UO2 or 5.4 nm Au) intercalate into locally parallel NR arrays
(Figure S7). In contrast, when the diameter of the NSs is
greater than the diameter of the NRs, they become too large to
fit into the spaces between NR layers and the system phase

Figure 2. Large area rod−sphere BNSAs self-assembled from NaYF4
NRs and 11.0 nm Fe3O4 NSs. (a) TEM image and corresponding (b)
wide-angle and (c) small-angle electron diffraction patterns. (d) A
high-magnification TEM image demonstrating the positional order of
the NSs between two NR layers. (e, f) TEM images of the same
BNSAs at 0° (e) and after tilting around the horizontal axis by 33° (f).
The red circles mark the position of the Fe3O4 NSs. Scale bars: (a) 200
nm, (d) 50 nm, (e,f) 20 nm.
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separates into single-component NR and NS superlattices (data
not shown). In addition to NaYF4 NRs, CdSe NRs (Figure
S2e,f) with a smaller diameter (4.9 ± 0.4 nm) and a larger
aspect ratio (about 3.6) are also tested for rod−sphere
assembly. Given the dimensions of CdSe NRs, dipole−dipole
attraction does not contribute significantly to the interactions
between neighboring NRs (see Supporting Information). With
the combination of CdSe NRs (1 mg/mL) and 7.4 nm UO2

NSs, a random mixture predominates when a low concentration
of NSs (∼0.5 mg/mL) is introduced (Figure S8a,b). As the
fraction of NSs increases (1−3 mg/mL), stripe-like NR layers
begin to develop, with patches of NSs intercalated between NR
layers (Figure S8c,d). A further increase in the concentration of
NSs (>5 mg/mL) results in macroscopic phase separation
(Figure S8e,f). Macroscopic demixing is also observed with
smaller sized NSs such as Au (Figure 3e,f) and Pd (Figure S9).
It is worth noting that the phase behavior of rod−sphere

binary mixtures also depends crucially on the geometric details
of individual NRs. The NaYF4 NRs used for BNSA formation
have a hexagonal cross section that is consistent with their
crystal lattice structure and rounded tips at both ends (Figure
S2a,b). However, taking into account the oleic acid ligand shell,
they can be well approximated as spherocylinders, i.e., cylinders
capped by hemispherical ends. When NaYF4 NRs of similar size
but with a rectangular cross section are coassembled with the
11 nm Fe3O4 NSs, demixing rather than BNSA formation
occurs (Figure S10). More importantly, we observe that the
processing history of NC building blocks and the amount of
ligands in the NC solutions strongly affect the assembly of
rod−sphere binary mixtures. Starting from the Fe3O4 NSs and
NaYF4 NRs that can form the AB2 BNSAs, when additional
oleic acid ligands (10 μmol) is added to the binary NC solution
(1 mL) before spreading onto the ethylene glycol surface, bulk
demixing into sphere-rich and rod-rich domains occurs, which

is likely caused by the enhanced depletion attractions due to the
presence of extra ligands (Figure S11a,b).41 On the other hand,
when the same NSs and NRs are washed (precipitation with a
nonsolvent followed by redispersion in hexane) once more
before being mixed for binary assembly, a random mixture is
obtained (Figure S11c,d). We believe that excessive washing of
NCs will not only decrease the amount of free ligands in the
NC solutions but also remove some that are originally bound to
the NC’s surface. This can effectively decrease the strength of
interactions between NCs and increase their hard particle
character.
The self-assembly process and the relative phase stability are

analyzed theoretically by gradually increasing the sophistication
of the model. First, we approximate the NCs as hard (athermal)
shapes and search for their densest packings.42,43 The results
are relevant at high NC concentrations during the final stages of
the experiment. Next, we perform MC simulations to resolve
the phase behavior at lower density.11 In a third step, we
introduce short-range interactions between the NCs. Finally,
we consider an asymmetry in the relative interaction strengths
as expected for chemically distinct NCs or crystallographically
distinct NC facets.13,16 The rod shape is chosen as a cylinder
with two spherical caps, which is a valid approximation because
the NR edges are effectively rounded (softened) by the
presence of the ligand shell. Furthermore, the cylinder cross-
section does not influence the relative phase stability
significantly, because the contact between rods is identical for
all configurations competing for stability. We characterize the
rod shape by three dimensionless parameters: aspect ratio AR =
L/2σ, rod−sphere size ratio γ = D/2σ, and curvature of the caps
κ = σ/R. Here, L is the tip-to-tip length, σ the cylinder radius, R
the radius of curvature of the caps, and D the sphere diameter.
The spherocylinder shape is obtained for κ = 1. In the
following, we choose a 2:1 mixture of spheres and rods.

Figure 3. SEM images of the rod−sphere BNSAs self-assembled from NaYF4 NRs and 11.0 nm Fe3O4 NSs close to a cracked region. The crack
separates the superlattice (a, magnified in b) almost perpendicular and (c) almost parallel to the hexagonal layers revealing terraces. (d−f) Voids are
often observed on outside surfaces as seen in the TEM and (g) compared with a theoretical reconstruction. Scale bars: (a−c) 100 nm, (d−e) 200
nm, (f) 50 nm.
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Starting from the known densest binary sphere packings,44

we construct analogue binary spherocylinder-sphere packings
by elongating the bigger sphere. Finding the densest packing is
simple when the big spheres form hexagonal layers. In this case,
provided phase separation does not occur, the optimality of a
packing in the binary sphere system guarantees the optimality
of an analogue packing in the spherocylinder-sphere system.
For AR = 1.97 (NaYF4 NRs) and size ratios close to γ = 0.55,
we find the densest packing is indeed realized in the AB2 BNSA
(Figure 6a). As the size ratio decreases (Figure 6b),
spherocylinder caps in neighboring layers touch for γ ≤
0.528, limiting the packing efficiency. In contrast, toward higher
size ratio, 0.577 ≈ 1/√3 ≤ γ ≤ 0.6247, neighboring spheres
touch, forcing the lattice to expand laterally in-plane, until for γ
> 0.6247 a buckled honeycomb lattice with spherocylinders in
contact packs more efficiently (Figure S12).45,46 In both cases,
the packing density is lowered, crossing the value for demixing.
Strikingly, the experimental size ratio γ = 0.57 for the AB2
BNSA falls within the region where bulk demixing is disfavored.
In agreement with experiment (Figure S10), demixing becomes
more favorable with decreasing curvature of the caps (Figure

S13a,b). Lattice shear, which is sometimes observed as an
intermediate state during assembly simulations (Figure 8d),
also does not increase the packing fraction (Figure S13c,d). For
the remainder of the paper we fix κ = 1 and γ = 0.57.
We investigate the entropic stabilization of the AB2 BNSA

with isobaric (NPT) MC simulations. Simulations are
initialized from a disordered fluid in an attempt to
spontaneously crystallize the system. Pressure is gradually
increased following a protocol that was successful for many
systems of hard particles.11 Yet, coassembly is never observed
with the experimental AR = 1.97 (Figure S14a). To enhance
the entropic interactions between the spherocylinders at the
same pressure, we increase the aspect ratio to AR = 2.97.
Although spherocylinders now show a stronger preference for
local alignment (Figure S14b), global order is still not observed
on the time scale of our simulations. This inability to assemble
the experimentally observed structure indicates that either the
nucleation times are longer than those accessed on (long)
simulation or that additional interactions must be included. To
distinguish between those two possibilities, we examine the
thermodynamic stability of the AB2 BNSA by performing

Figure 4. Stripes or filament-like assemblies of rod−sphere BNSAs and NR superlattices. (a−d) TEM images of rod−sphere BNSAs self-assembled
from NaYF4 NRs and 11.0 nm Fe3O4 NSs. The samples shown in a and b are formed with a lower total NC concentration in the spreading solution
compared to those shown in c and d. (e, f) TEM images of structures self-assembled from CdSe NRs and 5.5 nm Au NSs. The system shows bulk
phase separation instead of rod−sphere BNSA formation. Scale bars: (a) 1 μm, (b) 200 nm, (c) 1 μm, (d) 100 nm, (e) 200 nm, (f) 100 nm.
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isochoric (NVT) melting simulations (AR = 1.97) starting from
the densest packing structure. We observe melting in two steps.
At packing fraction 68%, the separation of spherocylinder layers
increases abruptly. Spheres diffuse almost freely between
adjacent layers as found in the lamellar phase (Figure 6c).
Finally, at packing fraction 63%, spheres completely abandon
the interstitial sites, and phase separation occurs (Figure 6d).
Two-step melting is also observed for spherocylinders of AR =
2.97. Free energy calculations confirm the stability of the AB2
BNSA at high packing fractions. We conclude that the
coassembly of rods and spheres into AB2 BNSA is difficult if
not impossible with entropic interactions alone; it is kinetically
inhibited and competes with macroscopic phase separation.
A close inspection of the TEM images reveals configurations

that are not possible with entropic interactions alone. These
configurations are evidence for the presence of additional
enthalpic, attractive interactions during assembly. The following
observations cannot be explained with hard particles:
(i) Assembly of monodisperse NRs with a short aspect ratio.47

(ii) Alignment of NRs at low packing fraction (Figure S2f).
(iii) Single layers of NRs that are only loosely coupled to one
another (Figure S8). (iv) Stripes or filament-like assemblies
(Figure 4). The formation of single layers and stripes suggests
anisotropic crystal growth with a higher intralayer growth
speed. Since the NaYF4 NRs and the NSs employed in this
work do not have appreciable electrostatic charges or dipole
moments,4,13,48 interactions are expected to be induced by van
der Waals forces between ligand stabilizers and of short-range
character. Experiments have shown that an anisotropic

distribution of capping ligands can act as “directional
bonds”49 that affect lattice spacing50 and symmetries51 in
nanocrystal superlattices. Atomistic simulations corroborate
that effective interactions are well-described by a Lennard−
Jones-like potential with characteristic well depth comparable
to thermal energies, equilibrium separation that allows
interdigitation of ligands, and interaction range specified by
ligand properties.52,53 We do not make an attempt to derive an
interaction potential rigorously but merely derive it based on
the simple assumption that the energy is proportional to the
contact area. We thus hypothesize that the interaction can be
modeled by a contact force, which is reasonable both for
depletion and for NCs uniformly covered with ligands (Figure
7a). A standard way to treat such a situation theoretically is the
Derjaguin approximation.54,55 However, the curvature on the
surface of the NRs is highly nonuniform, and the Derjaguin
approximation is not applicable. Instead, we determine contact
forces without approximation and tabulate pair interactions as a
function of NC separation and orientation (Figure S15)
assuming a homogeneous distribution of ligands on the NRs
and the NSs. Since spheres have the highest curvature, the
sphere−sphere interaction is weaker than the rod−sphere
interaction, which in turn is weaker than the rod−rod
interaction. In addition, the rod attracts a sphere (a rod)
maximally if the sphere attaches to the side of the rod (the rods
are parallel side-by-side) as shown in Figure S16.
We perform NPT MC simulations from a disordered (fluid)

starting configuration using the precalculated interaction tables.
The short-range attractions significantly speed up the kinetics
of the assembly process compared to the hard particle case,
which permits a summary of the findings in a P−T phase
diagram (Figure 7b). Independent of the choice of temperature,
increasing pressure always triggers phase separation into an
ordered rod phase and a fluid sphere phase. The crystallization
of spheres is observed only at substantially lower temperature.
We can understand the difference in melting temperatures of
the rod crystal and the sphere crystal by comparing the ground
state energies per NC. The energy of the sphere crystal, ESS, is
significantly lower than the energy of the rod crystal, ERR =
4.7ESS, which in turn is slightly higher than the energy of the
binary AB2 BNSA, ERS = 3.6ESS. While the AB2 BNSA is also
observed in the phase diagram, it occurs only in a narrow
parameter range at low temperature and very low pressure
(Figure 7c). The stability window is too small and inaccessible
to experiments, which are performed at constant temperature.
The contact interaction introduces a natural hierarchy of

attraction strengths between different NC species, |ERR| > |ERS|
> |ESS|. Such a hierarchy aids the formation of the lamellar
phase (and possibly the AB2 BNSA) by disfavoring bulk
demixing.31 However, while the sequence of interaction
strengths is fixed by the particle geometry, their precise value
is highly sensitive to the precise experimental conditions and is
not known to us. For example, variations in the NC curvature,
chemical composition, and the crystallographic termination of
NC facets can influence the relative strength of attractions
between species.13,35,56−58 We consider these effects by
enhancing the rod−sphere interaction energy by a factor ξRS
> 1 relative to the other interactions to ξRSERS, which disfavors
demixing. A factor ξRS < 1 or any other variation of the relative
interaction strengths does not improve the stability of BNSAs.
The P−T phase diagram (Figure 7d) shows a significant

improvement of the stability of the AB2 BNSA already for ξRS =
1.4, broadening the temperature and pressure regime where it is

Figure 5. TEM images of BNSAs from NaYF4 NRs and 7.4 nm UO2
NSs. (a) Low magnification and (b) high magnification TEM images
demonstrate microphase separation with partial positional order
(lamellar phase). The spheres between the rods are not ordered.
Scale bars: (a) 200 nm, (b) 50 nm.
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found in simulation. This behavior is expected because an
increase of ξRS raises the melting temperature of the AB2 BNSA.
For ξRS = 1.6 (Figure 7e), not only is the AB2 BNSA stabilized
further, but also the boundaries of its stability range in the
phase diagram are altered. Isothermic compression (depicted
by a purple line in Figure 7e), which resembles the conditions
during experiments most closely, can now successfully
transform the fluid to the AB2 BNSA. Only a narrow regime
where macro-phase separation dominates has to be traversed.
In this way, an adjustment of the relative interaction strengths
can open a kinetic pathway for the formation of the AB2 BNSA.
We show the different stages of the assembly process in Figure
8. The less diffusive spherocylinders initiate the assembly
process by aligning parallel. The spheres surround the
spherocylinders and fit into the gaps between the spherocy-
linder caps. Once the spheres adopt their native open
honeycomb arrangement, they act as a template for the next
layer of spherocylinders. Note that multiple grain boundaries
are present in simulation. This limitation of the crystal size is
caused by periodic boundary conditions as well as the total
simulation time. Assembly experiments can access significantly
longer equilibration times as evidenced by the high quality of
the AB2 BNSAs.
In conclusion, we have demonstrated binary assemblies of

colloidal NRs and NSs into several unprecedented phases
including the 3D long-range ordered AB2 BNSAs. On the basis
of experimental observations and simulation results, we have

identified the key elements necessary for successful assembly of
the AB2 rod−sphere BNSAs: (i) favorable particle geometrya
size ratio close to γ = 0.55 and rods with spherical caps allow
dense packing and maximize entropic forces, (ii) attractive
contact interactionsthey help to initiate the assembly process,
(iii) optimal interaction strengthsvarying the relative strength
of interactions between NCs of different compositions can
minimize the width of the demixing zone in the phase diagram.
Given the ubiquity of rods and spheres among NC building
blocks and the added advantage of shape-dependent properties
often associated with NRs, we believe that the lamellar phase
and the AB2 BNSAs can be formed with many rod−sphere
combinations. Co-assembly of NRs and NSs into ordered
arrays opens up new horizons for the chemical design of NC-
based mesocale metamaterials exhibiting intriguing physical
properties.
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Figure 6. Densest packings and MC simulations of hard spheres and hard spherocylinders (AR = 1.97). (a) Comparison of the packing fractions for
the AB2 BNSA and for bulk demixing. The AB2 BNSA is the densest packing close to size ratio γ = 0.56. (b) Toward lower (γ = 0.40) and higher (γ
= 0.62) size ratios, the spherocylinders’ caps or the spheres, respectively, touch. This introduces additional packing constraints and reduces the
packing efficiency. (c) Isotensile MC simulations started from the AB2 BNSA show a rapid change in the box aspect ratio Lz/Lx indicative of a
transition to the lamellar phase at packing fraction ϕ = 0.68. (d) At ϕ = 0.618, the lamellar phase separates into the rod crystal and a mixed fluid.
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