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ABSTRACT

The synthesis of binary nanocrystal superlattices (BNSLs) enables the targeted integration of
orthogonal physical properties, such as photoluminescence and magnetism, into a single
superstructure, unlocking a vast design space for multifunctional materials. However, the
formation mechanism of BNSLs remains poorly understood, restricting the prediction of the
structure and properties of superlattices. Here, we use a combination of in situ scattering and
molecular simulation to elucidate the self-assembly of two common BNSLs (AIB2 and NaZni3)
through emulsion templating. Our self-assembly experiments reveal that no intermediate structures
precede the formation of the final binary phases, indicating that their formation proceeds through
classical nucleation. Using simulations, we find that, despite the formation of AIB2 and NaZnis
typically being attributed to entropy, their self-assembly is most consistent with the nanocrystals
possessing short-range interparticle attraction, which we find can accelerate nucleation kinetics in
BNSLs. We also find homogenous, classical nucleation in simulation, corroborating our
experiments. These results establish a robust correspondence between experiment and theory,

paving the way towards prediction of BNSLSs.

Introduction

Recent advances have enabled the synthesis of colloidal nanocrystals (NCs) with different sizes,
shapes, and compositions, generating a library of nanoscale building blocks with well-defined
optical, electronic, and magnetic properties. These properties have been exploited to develop
optoelectronic devices like photodetectors,>? light-emitting diodes,>* field-effect transistors,>® and
solar cells”® by assembling NCs into ordered solids, or superlattices. While single-component NC

superlattices have already revealed structure-property relationships,®® multi-component NC
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superlattices are still in the early stages of investigation.!! The integration of NCs with orthogonal
functionalities is crucial in unlocking a vast synthetic design space for material properties resulting
from the synergistic interaction of the individual components.*?2° So far, the exploration of this
design space has been restricted by our limited understanding of the formation of multi-component

NC superlattices.

Binary nanocrystal superlattices (BNSLs) with diverse crystal structures have been synthesized,
integrating combinations of semiconducting, magnetic, and metallic NCs.?*2* However, predicting
which binary structure self-assembles from a given combination of NCs has proven extremely
challenging.?* With rare exceptions,?>-?" simulation models of binary mixtures of NCs frequently
fail to self-assemble, indicating that the current understanding of how NC interactions contribute
to the synthesis of BNSLs is incomplete. By contrast, experimental in situ studies have already
revealed the self-assembly mechanism of single-component NC superlattices,?®*¢ enabling a
priori structure prediction by capturing both kinetic and thermodynamic aspects of how different
inter-NC interactions influence crystallization.®*® Yet, in almost two decades since the first
observation of BNSLs,? only one in situ study has focused on mono-functional BNSLs,* while

no in situ studies have investigated the synthesis of multi-functional BNLSs.

Here we combine experiments and simulations to understand the synthesis of multi-functional
BNSLs from a combination of magnetic, semiconducting, and plasmonic NCs. A combination of
magnetic and semiconducting NCs may prove crucial in modulating the temperature of the atomic
lattice and the conductivity of charge carriers.*>“® Instead, a combination of magnetic and
plasmonic NCs may allow active control over the coherent oscillations of charge carriers and the
optical response of the material.*"*® We use synchrotron-based in situ small-angle X-ray scattering

(SAXS) to follow in real-time the self-assembly of BNSLs isostructural to AIB2 and NaZn1s. The
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NCs were confined to emulsion droplets that were slowly dried to trigger crystallization, resolving
with unprecedented detail the formation of high-quality BNSLs.?84%5! This approach was
combined with molecular dynamics (MD) simulations to determine the interparticle interactions
allowing the formation of these BNSLs. In contrast to some reports of single-component
superlattices,?®3%31:52 we find that nucleation occurs classically for both superlattices, although
significant structural compression occurs after nucleation, indicating that the ligands are still
swollen with solvent at the time of nucleation. In our MD simulations, we find that, despite the
self-assembly of AIB. and NaZn1s typically being attributed to entropy, only NCs interacting with
a short-ranged attraction between NCs results in self-assembly behavior consistent with
experiment. Specifically, we find that short-range attraction can dramatically accelerate the
crystallizations kinetics of BNSLs. By establishing a direct link between experiments and
simulations, our work provides crucial insights into the synthesis of BNSLs, providing a significant
step towards the targeted synthesis and a priori structure prediction of these complex, 3D artificial

solids.

Results and Discussion

We synthesize BNSLs by the self-assembly of binary mixtures of NCs using emulsion-
templating,*>>% which has recently emerged as a consistent and scalable method to fabricate 3D
single-component NC superlattices.?®2%5%-61 \We prepare a surfactant-stabilized oil-in-water
emulsion containing a dispersion of larger (L) super-paramagnetic FesOs and smaller (S)
semiconductor PbS NCs with an effective size ratio of 0.56, a number ratio of 1:2, and a total
inorganic volume fraction of ¢ =0.001; see Figures S1-S3 for NC characterization. To collect in
situ scattering patterns, we flow the emulsion in a closed loop through a quartz capillary aligned

with the X-ray beam; see Figure S4 for a schematic of the setup.?®®" As the volatile oily phase
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evaporates, ¢ increases with time. Figure 1la and Movie S1 illustrate the continuous Kinetic
evolution of the structure factor, S(q). Initially, the structure factor is featureless and centered
around 1, as expected for a colloidal gas. During the first 3 hours drying the emulsion, broad
features arise across the wave vector range, q. After 3.6 hours, a succession of sharp peaks
suddenly emerges from the background, growing in intensity while shifting with time towards
higher g. As highlighted in Figure 1b, the shape of the structure factor at 3.6 hours resembles that
of a low-density colloidal fluid, but within 0.1 hours rapidly develops into a fully formed
diffraction pattern featuring at least 7 sharp peaks from growing crystallites. Immediately
thereafter, all peaks shift synchronously toward higher g, indicating a contraction of the crystal
lattice. We identify the crystal as isostructural to AlB> with parameters a = b =c; see Figure 1c.
This structure is characterized by stacked hexagonal layers of the larger NCs intercalated by
hexagonal layers of the smaller NCs that occupy the trigonal prismatic voids left by the larger

NCs; see schematic in Figure S5.

To understand the formation of these BNSLSs, we extract the evolution of the structural parameters
from in situ measurements as shown in Figure 1d. After nucleation, lattice contraction induces a
slow decrease in the surface-to-surface distance between NCs, d. This decrease takes place over
several hours to reach an inorganic volume fraction of ¢ = 0.357; see Figure S6. In stark contrast
to this steady compression of the lattice, the average crystal size extracted from the Scherrer
equation,®? & increases rapidly: Within 0.1 hours after nucleation, the crystal size increases to
reach £~ 330 nm, corresponding to &4a ~ 23 unit cells of the BNSL. Eventually, the crystal size
slowly decreases to £~ 280 nm as the result of lattice compression. Interestingly, we notice that
the integrated intensity of the 001 and 100 reflections grow at different rates relative to the 101

reflection, see Figures 1b-c. While the relative integrated intensity of the 001 reflection increases
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by 63% during assembly, that of the 100 reflection increases by 140%, as shown in Figure S7.
This suggests a strong tendency of the AlB: crystal to grow along the basal plane rather than along

the ¢ axis.

Based on these observations, we hypothesize the synthetic mechanism shown in the inset of Figure
1d: Crystallization occurs as a single-step transition from the fluid to the crystalline phase. The
relative positions of the diffraction peaks do not change during assembly, implying the absence of
intermediate phases between the fluid and the final crystal. This is a simpler process compared to
previous reports on the synthesis of single-component NC superlattices reporting crystal-to-crystal
transitions.2°31%2 Crystallization is followed by the continuous compression of the BNSL. We
attribute this compression to the evaporation-driven desorption of solvent from the ligand shell of
the NCs, consistently with reports on single-component systems.?3%" Ex situ TEM confirms the
synthesis of 3D colloidal BNSLs, each featuring a distinct set of NC planes, as shown in Figures
le, S8-S10. The Fourier transform of the BNSL shown in Figure 1e reveals a discrete set of spots,
as expected for a crystalline structure. Combining in situ and ex situ experimental results leads to
the structural model shown in Figure 1f. The synthesized BNSLSs retain the superparamagnetic
character of their larger NC component, while also displaying a reduced magnetic remanence and

spin density relative to the single-component superlattice, as shown in Figure S11.

We test the robustness of this approach by using a NC pair with comparable size ratio, number
ratio, and initial volume fraction but featuring larger infrared plasmonic CdO NCs co-doped with
fluorine and indium (FICO) and smaller infrared semiconductor PbS NCs (optical activity in
Figure S3). Under the same synthetic conditions, their assembly in emulsion yields the same AlB>
BNSL structure with similar kinetics; see Figure S12 and Movie S2. We next target a different

BNSL, NaZnzs, by increasing the number ratio of these FICO and PbS NCs from 1:2 to 1:13. The
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experimental structure factor reveals the onset of diffraction peaks from the flat background shortly
after 2.3 hours of drying, as shown in Figure 2a-b and Movie S3. The diffraction pattern appears
qualitatively different from Figure 1, with at least 10 discernible reflections. A more careful
examination of the final diffraction pattern indicates the coexistence of a majority phase
isostructural to NaZnzs with a minority AIB2 phase, as shown in Figure 2c. The NaZnis structure
consists of a body-centered icosahedral cluster of 13 smaller particles contained within a simple

cubic subcell of the larger particles, as illustrated in the inset in Figures 2c and S13.

We study the synchronous evolution of the NaZniz and AIB2 phases in Figure 2d. The lattice
parameters of the two crystalline phases slowly decrease as a function of time, to reach maximum
inorganic volume fractions of ¢ = 0.360 and 0.384 for NaZn13 and AIB, respectively. Within 0.1
hours after nucleation, the average domain sizes of the NazZniz and AlB; phases rapidly increase
and saturate at their final values of £ = 570 nm and 200 nm, respectively. We quantify the fraction
of each crystalline phase by comparing with the assembly performed at a NC number ratio of 1:2,
shown in Figure S12. After nucleation, the fraction of both NaZniz and AIB; phases quickly
increases to reach the values of 0.74 and 0.21, respectively, confirming NaZniz as the majority
phase. Interestingly, while the fraction of the AIB2 phase shows a slow increase in the late stages
of the assembly, that of the NaZni3 phase shows a comparable decrease. This suggests that even
though the NaZni3 phase readily nucleates to occupy most of the available volume, this structure
might be thermodynamically less stable than AlIB.. The relative strengths of inter-NC interactions

may be responsible for shifting this equilibrium towards one specific phase.

Ex situ dark-field STEM confirms the formation of 3D colloidal NaZni3 BNSLs; see Figure 2e.
The [200] projection clearly illustrates the cubic symmetry of the NaZnis phase, as well as the

four-fold symmetry of the smaller NCs surrounding each larger NC; see also Figures S13-S15. In
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Figure 2f we illustrate a 3D model of this colloidal BNSL, obtained by carving a sphere out of a
NaZniz lattice with experimentally determined structural parameters. We also observe
superstructures characterized by a heterostructure of NaZny3 with a second phase, shown in Figure
29, confirming the presence of a minority phase as suggested by SAXS. Due to interference with
the adjacent NaZni3 phase, we are unable to clearly identify this secondary phase using STEM.

However, the results of in situ SAXS suggest the secondary phase should correspond to AlB..

In situ measurements draw a detailed picture of the self-assembly process that we juxtapose with
simulations to reveal the driving force behind the synthesis of BNSLs. The formation of AIB and
NaZnis BNSLs is frequently attributed to entropy®*%4 because of their high packing fractions®>®
and because these are both equilibrium phases of the hard-sphere model,®” whose phase behavior
is solely dictated by entropy. However, we recently discovered that the self-assembly of the AIB>
phase is kinetically prohibited in hard-sphere mixtures at a NC number ratio of 1:2,% indicating

that more complex interactions are necessary for its formation.

The structure of the resulting BNSLs is largely determined by the effective interactions between
NCs in solution. The NCs used in this work interact through solvent-mediated van der Waals
interactions and superparamagnetic interactions in the case of Fes04 NCs.%° Although many studies
assume purely repulsive interactions in rationalizing observed phases in BNSLs (as mentioned
above), the fact that our experiments find AIB>, yet AlB> does not form from purely repulsive NCs
at the number ratio 1:2 used in the experiments, implies attraction cannot be neglected.®® Examples
of NC interaction potentials with a repulsive core and attractive well have been obtained from
atomistic simulations and theoretical models of similar spheroidal NCs, but the specific shape of
the interaction potential varies among systems.”®"> We choose to model NC interactions with a

Mie potential,”® which has a repulsive core and an attractive well whose depth and width control
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the strength and range of attraction, respectively. To parameterize the potential, we consider the
Noro-Frenkel law of corresponding states,’” which dictates that only attractive wells with widths
above a certain size will have stable liquid phases in their phase diagram. To compare cases with
and without stable liquid phases, we examine two different well widths, described as “narrow well”
and “wide well”, with widths less than and greater than that size, respectively. We show the narrow
and wide well in Figure 3a-b, scaling the range of the interaction between two NCs by the average
of their effective sizes to account for size differences. For simplicity, the well depth, ¢, is set equal
for all interspecies interactions, i.e. ,;, = €, = &g = €. While this is an approximation, large
differences in well depths frequently result in demixing,’® which has been reported for other
experiments on binary nanocrystal self-assembly but not those conducted here. Later, we discuss
the plausible case of €, > €,5 > &g, finding similar results to the case of equal attraction strength.
We also examined a case in which the attractive well between the smaller NCs was significantly

narrower than between large NCs, again finding a similar result; see Figure S16.

We note that our model assumes that more complex interactions, like many-body or
anisotropic effects, either do not play a large role in determining the phase behavior of these NCs
or they conspire to produce an effective interaction similar to the model. If we detect in simulation
the phases observed in experiment while neglecting these more complex interactions, we can then
infer that the simpler interactions are likely responsible for the formation of these phases.
Furthermore, more complex interactions such as dipolar interactions’®® are more likely to be
influenced by the specifics of the NC and solvent compositions, but the AIB2 and NaZn1s phases
have been reported for many NC and solvent compositions, 22637882 redycing the likelihood that

composition-dependent interactions are necessary for their self-assembly.
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To reveal how the range and strength of interaction affect thermodynamic phase behavior,
we compute phase diagrams for a NC number ratio of 1:2, as shown in Figure 3c-d. In the presence
of the narrow well, the gas and solid AIB> phases are both stable. In contrast, in the presence of
the wide well a region of vapor-liquid coexistence is stable above a critical well-depth &c; see
Figures 3d and S17. This is consistent with the aforementioned Noro-Frenkel law of corresponding

states,”” which predicts that wider potential wells exhibit a stable liquid—gas transition.

While these phase diagrams show the equilibrium predictions for a given set of parameters, they
do not indicate whether a phase is kinetically accessible. To study whether the AIB2 phase will
form, we slowly compress an initially disordered fluid under periodic boundary conditions. A
combination of Steinhardt order parameters enables the quantification of the fraction of larger NCs
that become crystalline as a function of time, Ny, /Nro¢q:; Se€ Figure S18 for calculation details.®
When using a narrow well at least 1.0 KT deep, over 50% of larger NCs crystallize by the end of
the simulations, as shown in Figure 3e. There is limited crystallization for a shallower well of 0.5
KT, and no crystallization when the NCs are purely repulsive. In contrast, only minimal
crystallization occurs with the wide well, with at most 6% of larger NCs registering as crystalline

even for the deepest well investigated, 2.5 KT, as shown in Figure 3f.

These results show that a deep, narrow attractive well substantially improves the crystallization
kinetics of AIB.. A similar kinetic enhancement has been reported in simulations of single-
component systems (as discussed below), but to our knowledge this is the first demonstration of
such an effect in a multicomponent system of this nature. Furthermore, the effect is more dramatic
for the case of AIB,, because AlB; fails to crystallize at all without an attractive well but

crystallizes readily with one. In comparable single-component systems, a narrow attractive well
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can improve crystallization kinetics, but self-assembly still occurs readily without one (i.e. when

the NCs resemble hard spheres).

We can rationalize this improvement to kinetics by considering the phase diagrams shown in
Figures 3c-d. In general, crystal nucleation and growth is strongly influenced by the degree of
supersaturation and particle mobility. In the phase diagram shown in Figure 3c, the solid become
stable at low densities (where the particles are highly mobile) for a narrow, deep attractive well. A
similar stabilization of the solid phase occurs for the wide well system, but the dense liquid phase
is also stabilized, reducing the supersaturation. We quantify these effects by computing the
chemical potential driving force between the crystal and fluid phases as a function of NC mobility
in Figure S19, finding that deep, narrow wells do result in higher chemical potential driving forces
at higher particle diffusivities. We also note that this principle of achieving high driving forces at

low density is similar to that proposed for colloids with small attractive patches.®*

To place these observations in a more general context, we investigated the crystallization of two
related systems: a single-component face-centered cubic crystal (FCC) and the two-component
NaZnas crystal for the narrow well at different well depths. In Figure S20, we show that, as with
AlBy, crystallization of both structures occurs at increasingly lower densities, although for FCC
this shift is not too important because self-assembly still occurs readily without an attractive well.
Furthermore, above its critical well depth, we find that AIB> crystallized through a two-step
process in which a dense liquid forms first; see Figures S21 and S22. This switch to a two-step
nucleation process at the critical point is consistent with previous reports for single-component
systems. Thus, we conclude that crystallization in our binary systems occurs very similarly to that
in single-component systems, except that an attractive force is required to observe the formation

of some binary crystals.
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In summary, our results indicate that the interaction between NCs during self-assembly is
consistent with a pair potential characterized by a narrow well. We note that such a pair potential
is fairly common for colloids in which vdW forces are the largest contribution to inter-NC
attraction. Furthermore, we note that the narrow attractive well we use closely resembles that used
for similar NCs in a recent study in which the attraction between NCs was assumed to be entirely
vdW interactions between NC cores.?® We also note that AIB, will self-assemble for a broad range
of well depths greater than 0.5 KT, which possibly explains why it self-assembles for a NCs with

different compositions, including the CdO NCs used here.

We next checked for further consistency with experiment by simulating conditions closer to
experiment by adding NC polydispersity and spherical confinement to the simulations. We
determine the polydispersity of each NC species by SAXS, Figure S1, and simulate the interaction
of each NC with the confining boundary of the droplet using a Weeks-Chandler-Anderson
potential.® Unsurprisingly, we found that adding polydispersity disfavored crystallization, but that
crystallization was still possible on our time scales for the highest well depth examined in Figure
3 (2.5 kT), so we used that well depth in these simulations. Each simulation system is initialized
as a colloidal fluid in a droplet, then slowly compressed to induce self-assembly. In close
agreement with experiment, AIB, forms at a NC number ratio of 1:2, while NaZn13 forms at 1:13.
Interestingly, crystallization begins at a slightly lower volume fraction for NaZn3 than AlB3, 0.528
and 0.572 respectively, as shown in Figure 4a. Simulations performed at lower volume fractions
did not result in self-assembly. As shown by the kinetic change in the fraction of crystalline
particles, rapid crystal growth follows nucleation. Consistent with experiments, we find no

intermediate phases that precede the final phases, indicating classical nucleation from a dense fluid
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phase.3%3! Furthermore, we conclude that spherical confinement does not influence the identity of

the self-assembled structure in the systems investigated here.

Simulations provide the unparalleled advantage of directly visualizing crystal nucleation,¢-% a
process notoriously elusive to capture in experiments. The early stages of assembly for NaZnis
and AIB2 BNSLs are shown in Figures 4b and 4c, respectively. To highlight the crystalline nuclei,
we color only the NCs identified as being in a crystalline environment, while fluid-like NCs are
shown as smaller grey spheres. For both NaZn1z and AIB2 BNSLs, the critical nuclei emerge from
the fluid multiple particle diameters away from the surface of the droplet, allowing us to conclude
that these BNSLs undergo homogeneous nucleation. Only after nucleation do the crystallites of
NazZniz and AIB2 BNSL spread to the wall. This behavior is unaffected by the size of the droplet,
as shown by replacing the spherical walls with flat walls to simulate significantly larger droplets,

as shown in Figure S23. We find no evidence for exotic pre-nucleation clusters.53#°

The final stages of growth result in the crystals shown in Figures 4d-e. The NaZniz grains are
easily identifiable by the simple cubic arrangement of the larger NCs. A single crystal grain spans
most of the spherical superstructure, consistent with the experimental results shown in Figure 2.
In contrast, multiple grains of AIB, are present. This qualitatively agrees with the SAXS
measurements showing smaller grains for AlB than NaZns, although specific crystal grains are
harder to visualize in the TEM micrographs, making a quantitative comparison between simulation

and experiment challenging.

An apparent discrepancy remains between experiment and simulation: experimental results

indicate the presence of ~20% AIB: as a second phase for samples prepared at a NC number ratio
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of 1:13, while simulations show less than 1% AIB.. Interestingly, reducing the magnitude of the
attraction between smaller NCs results in the coexistence of AlB2 and NaZniz at a NC number
ratio of 1:13, removing the discrepancy as shown in Figure S24. This adjustment is consistent with

the dependence of van der Waals and superparamagnetic interactions on NC size.*

Conclusions.

We show a remarkable correspondence between experiment and simulation on the synthesis of
BNSLs through self-assembly. While early efforts using evaporation-driven self-assembly have
revealed the tendency to nucleate multiple polymorphs simultaneously,?"®%9 our results show
that emulsion-templated assembly provides a more controlled pathway towards the generation of
phase-pure BNSLs. Under spherical confinement, NCs readily nucleate into binary phases
isostructural to AIB2 and NaZni3 without intermediate liquid or crystal phases. The burst of crystal
nucleation is followed by a gradual lattice contraction to result in multifunctional, 3D, dense,
crystalline binary phases. We can accurately reproduce these experimental results in simulation by
introducing a short-ranged, attractive potential which kinetically promotes self-assembly. This
direct link between experiments and simulations reveals that BNSLs nucleate homogeneously and
directly, without intermediate solid phases preceding the final crystal. Aspects of our results likely
apply to NCs coated with DNA-based ligands,*>:**°¢ which may provide more continuous control
over the range of interactions and thus allow for a more direct probing of the remaining open
questions. In achieving a closer correspondence between experiment and simulation, and
demonstrating the importance of short-range attraction for assembly kinetics, this work represents
a crucial first step in a priori prediction of BNSLs towards the deterministic hetero-integration of
NCs into multifunctional structures, targeting applications in photonics,%8-60.97-9 excitonics, 1%

phononics,’*1%2 and catalysis.*?1%4
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Methodology

Experiments

Synthesis and characterization of the NC building blocks: Oleate-functionalized PbS (lead
sulfide, rock-salt structure, 4.5 £ 0.4 nm and 6.4 = 0.6 nm in diameter), Fe3Oa (iron oxide, cubic
spinel structure, 10.4 £ 0.6 nm in diameter), and FICO (fluorine and indium co-doped cadmium
oxide, rock-salt structure, 13.2 £ 0.9 nm in diameter) NCs were synthesized by following reported
procedures and redispersed in toluene.1931%51% The NC concentration was determined either by
spectrophotometry by using a published sizing curve!®” (PbS, Figure S3) or by weighing the dry
pellet (FesO4 and FICO). The size of the inorganic cores of the NCs was determined by fitting the
SAXS pattern measured from a dilute dispersion of NCs with a spherical form factor, Figure S1.
The form factor was convoluted with a Gaussian distribution of sizes to account for NC
polydispersity. The fitting was performed by using the free software SASfit.1% The effective size
of the NCs was determined by imaging a monolayer of NCs by TEM, calculating the fast-Fourier
transform of the image, and extracting the center-to-center distance between nearest neighbors,
Figure S2. A complete description of these procedures is available in the supplementary

information.

In situ SAXS: The kinetic patterns were collected at the SMI beamline, Brookhaven National
Laboratory, using a recently developed experimental setup.?® To conserve beamtime, we expanded
the setup to support the simultaneous measurement of 4 samples by translating the sample stage
vertically; see schematic in Figure S4. Each sample was prepared as follows: A 20 mL scintillation
vial was charged with 8 mL of 200 mM sodium dodecyl sulfate in water. Subsequently, the vial

was charged with 2 mL of a NC dispersion in 22 v/v % toluene and 78 v/v % hexanes with a total
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NC volume fraction of 0.001. The vial was capped and vigorously vortexed for 60 seconds using
a vortex mixer (Fisher) to generate the emulsion. The emulsion was then uncapped and diluted by
adding 10 mL of 200 mM sodium dodecyl sulfate in water. A 1-inch octagonal stir bar was then
added to the diluted emulsion. The vial was placed on a hotplate (IKA plate) equipped with a
thermocouple and a heating block for vials, heated to 70 °C while stirring at 500 rpm, and allowed
to flow by means of a peristaltic pump (Cole-Palmer) at a flow rate of 10 mL/minute through a
closed loop of Viton peristaltic tubing (Cole-Palmer). The closed loop included a custom-made
flow cell consisting of a 1 mm quartz capillary tube (Charles Supper). The X-ray beam was aligned
with the center of the capillary. This setup allowed us to measure the scattering pattern from the
emulsion as evaporation occurred from the uncapped vial. The integration time for each
measurement was set to 1 second, the time between consecutive acquisitions was 28 seconds, the
beam energy was 16.1 keV, and the sample to detector distance was 6.3 meters. The g-range was
calibrated against a silver behenate standard. The two-dimensional patterns were azimuthally
averaged, and background subtracted to yield I(q,t), where t is the time. The Kinetic structure
factor, S(q, t), was then obtained by calculating S(q,t) = I(q,t)/I(q, 0) since at the beginning of

the experiment the NCs are well dispersed within the droplets.

Structural parameters of AlB2: For a hexagonal structure (Figure S5), the expected reflections

qnx; for the planes of indexes hkl are:

B 4h2+hk+k2+ [?
Ankr = 3 P 2

We first extracted the c¢/a factor for the AIB; structure for the last data point, t = t,, 4. We did so

empirically by generating the expected positions g, of the reflections for a given value of c/a,
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and comparing with the experimental results until an agreement was found. We found that the
value of ¢ /a does not vary as the structure evolves during drying. To calculate the kinetic structural
parameters, we first fitted each S(q, t) curve with a superposition of Lorentzian curves with line
shape:

Aw?

(q — qnr)?* + w?

L(q) =

centered around the expected gy, positions, with amplitude A and full width at half maximum
2w. Since q;,; Was the most isolated reflection, we used it to calculate the Kinetic structural
parameters. From the Scherrer equation, we calculated the average crystal size as § = 2nK /2w =
nK /w, where K = 1.0747 is the Scherrer constant used for a spherical crystal.!® The lattice
parameter, also equal to the center-to-center distance, or bond length, between larger (L) NCs was

calculated as:

A I

G143  (c/a)?
The surface-to-surface distance between larger NCs was then calculated as d;; = b;; — o, where
oy, 1S the average diameter of the inorganic cores of the larger NCs as measured by ex situ SAXS.
The bond length between smaller (S) NCs was calculated by scaling by the expected values for the
bond lengths in the atomic AIB: structure for which b;; 4, = 0.30090 nm and bgg 4r =
0.17372 nm so that bgs = by;(bss a¢/br1,ac)- The surface-to-surface distance between smaller
NCs was then calculated as dss = bgs — a5, Where ag is the average diameter of the inorganic

cores of the smaller NCs as measured by ex situ SAXS. The bond length between larger and smaller

NCs was then calculated as by s = by; (brs ae/bii ), Where bys 4. is the bond length in the atomic
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AlB; structure for measured value of c/a in the nanocrystal superstructure. For c¢/a = 0.99,
bsp ar = 0.22883 nm. The surface-to-surface distance between larger and smaller NCs was then
determined as d;s = b, — 0, /2 — ag/2. Additional details are provided in the supporting

information.

Structural parameters of NaZnis: For a cubic structure (Figure S13), the expected reflections

qnrx: Tor the planes of indexes hkl are:

21
Ankl = 7\/ h2 +k2 + 12

To calculate the kinetic structural parameters, we first fitted each S(q,t) curve with a
superposition of Lorentzian curves with line shape centered around the expected gy; positions,
with amplitude A and full width at half maximum 2w. Since g,,, was the most isolated reflection,
we used it to calculate the kinetic structural parameters. From the Scherrer equation, we calculated
the average crystal size as £ = K /w. The lattice parameter a, twice the center-to-center distance,
or bond length, between larger NCs, b;;, was calculated as 2b;; = a = 41/q,,,. The surface-to-
surface distance between larger NCs was then calculated as d;; = b;;, — g;,. The bond length
between smaller NCs was calculated by scaling by the expected values for the bond lengths in the
atomic NaZnys structure for which by, 4, = 0.61365 nm and bsg 4 = 0.25664 nm so that bgg =
br1(bss ae/bra¢). The surface-to-surface distance between smaller NCs was then calculated as
dgs = bss — ag. The bond length between larger and smaller NCs was then calculated as b, s =
b (brs at/brar) Where byg 4 = 0.35647 nm is the bond length in the atomic NaZnis structure.
The surface-to-surface distance between larger and smaller NCs was then determined as d; s =

b,s — 0. /2 — g /2. Additional details are provided in the supporting information.
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Electron microscopy: For TEM and STEM imaging, a JEOL F200 microscope was operated at
200 kV. During imaging, magnification, focus and tilt angle were varied to yield information about
the crystal structure and super structure of the particle systems. To prepare the superstructures for
imaging, after the emulsion had fully dried, the binary NC superstructures were washed twice in a
solution of 20 mM sodium dodecyl sulfate in water by centrifugation at 3000 g for 30 minutes,
and redispersed. 10 pL of the dispersion was drop casted on a carbon-coated TEM grid (EMS) and
dried under vacuum for 1 hour. The grid was then dipped in a cleaning solution consisting of 1:2

water:isopropranol by volume, and dried for 1 hour under vacuum.

Rendering: The coordinates for a three-dimensional superlattice with parameters matching
experiment were initially generated by using a self-developed script. A sphere of a desired size
matching a superstructure was then carved from the superlattice. The positions and sizes of all

particles were then sent to the free software Blender 2.93 and rendered.
Simulations

We used molecular dynamics (MD) with the HOOMD-Blue simulation toolkit*'° to simulate a

binary mixture of NCs with interactions modeled by the Mie (IPL) potential:

n n I 0, " 0, m
e (——— V(=YY (22
ilriy) = & (n - m) (m) ((Tij> <7’ij> )
where U;; (rl- j) is the energy between two NCs (particles) i and j separated by a distance r;;. The
potential is described by four parameters: a measure of the particle’s size, g;;; the power of the

repulsive component, n; the magnitude of the interaction, ¢;;; and the length scale of the attractive

interaction, m. We set o;; to match the effective size ratio of the NCs used in experiment: ggs =
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0.55+1

0.55* 0y, op5 = * g;;,and a;; = 1,where L represents the larger NCs and S the smaller

NCs. For simplicity, we set the depth of the potential well to be equal for all particle pairs: €;; =
g5 = &g = €. We also use ¢ to represent o, in the text. For consistency with previous works,®
we set the power n to a value of 50. We analyze systems with m of 6 and 25, which we refer to as
“wide well” and “narrow well” respectively. The resulting potentials are shown in Figure 3a-b for
a well-depth of 1.0 KT. Throughout the paper we manipulate the well depth by changing the

temperature, which is inversely proportional to the well depth. We define the units of time as T =

1

o (g)i where w is mass and set to 1 for every type of particle. For e /kT = 0 shown in Figure 3c-

d, we simulated an inverse power law potential at 1.0 KT, similarly to previous work.®

To compute the free energies of different phases in Figure 3c and 3d, we combined thermodynamic
integration with the Einstein molecule method,*!! a variant of the Frenkel-Ladd method,'? using
at least 2,000 particles in every case. The free energies of the gas and liquid phases were computed
at a stoichiometry of 1:2. Self-assembly was attempted with 27,000 particles by slowly
compressing the particles from an initially disordered fluid state to a crystalline or kinetically
arrested amorphous state. In Figure S25 we give the range of densities compressed over for each
well depth and width. We also compute the diffusion coefficient in the vicinity of kinetic arrest.
We used NVT simulations based on the MTK equations®'3 to thermostat our simulations in Figure
3e-f and NVT simulations using a Langevin integrator!!* to thermostat our simulations in Figure

4.

For the simulations in Figure 4, we treat the distribution of particle sizes as a mixture of two normal
distributions: one centered at a size of 10;; and one centered at a size of 0.550;,. The standard

deviations (s) of the normal distributions were chosen to match experiment: s = 0.047g;, for that
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of the larger particles and s = 0.063a, for that of the smaller particles. We then discretized the
distributions, with 13 bins associated with each peak. We placed the particles inside a spherical
droplet, whose edges repel the particles with a Weeks-Chandler-Anderson potential.® We
computed an effective packing fraction by calculating an effective particle size according to the
prescription of Barker and Henderson.'*® We scaled the wall’s range of interaction by a;/2, which

accounts for the different sizes of the particles.

We used Steinhardt order parameters® in Figures 3 and 4 to identify crystalline particles. The
specific combinations for each crystal are shown in Figure S18. The parameters were calculated
using the freud software library.® In Figure S22 we used the local density of each particle to infer
the occurrence of two-step nucleation. We computed the local density using the implementation
provided by freud!®, in which the contribution of each neighbor is scaled by the interparticle
distance and diameter of the particle. We used rmax = 1.30 and a diameter of 1.0¢ in the calculation.
We classified particles as locally dense if the local density was greater than 1.05/¢3 , 1.6/53, and
2.5/c3 for simulations of FCC, AlB>, and NaZnis, respectively. These cutoffs were chosen to
separate particles belonging to the initial low-density fluid phase from denser fluid and crystal

phases.

We used Ovito!!’ to visualize our simulations throughout this work.

The computational workflow and data management for this publication was primarily supported

by the signac data management framework. 811
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The authors declare that the data supporting the findings of this study are available within the
article and its supplementary information files. Source data for the figures in the main text are

available as supporting information.

CODE AVAILABILITY

Source code for HOOMD-blue is available at https://github.com/glotzerlab/hoomd-blue. Source

data for the figures in the main text are available as supporting information. Sample codes are

available as supporting information.
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FIGURE CAPTIONS

Figure 1: Formation of colloidal AIB: binary nanocrystal superlattices (BNSLs). (a) Kinetic
structure factor, S(q), of a binary dispersion of PbS and Fe3zO4 nanocrystals (NCs) under spherical
confinement of a drying emulsion. (b) S(q) patterns showing the emergence and evolution of
diffraction peaks around the time of BNSL nucleation. (c) Final S(q) pattern identifying the BNSL
structure as AlIB>. (d) Evolution of the crystalline lattice after nucleation, highlighting the kinetics
of surface-to-surface distance between larger (L) and smaller (S) NCs, d (top), and average crystal
size, & (bottom). The proposed assembly mechanism is shown as inset. (¢) Transmission electron
micrograph of PbS and FesOs4 NCs crystallized into a three-dimensional AlIB, BNSL. The fast-

Fourier transform is shown as inset. (f) Model of the AlB2 BNSL shown in (e).

Figure 2: Formation of colloidal NaZniz binary nanocrystal superlattices (BNSLs). (a) Kinetic
structure factor, S(q), of a binary dispersion of PbS and FICO nanocrystals (NCs) under spherical
confinement of a drying emulsion. (b) S(q) patterns showing the emergence and evolution of
diffraction peaks around the time of BNSL nucleation. (c) Final S(q) pattern identifying the BNSL
structure as NaZnis with a minority AlB: phase. (d) Evolution of the surface-to-surface distance
between larger (L) and smaller (S) NCs, d (top), average crystal size, £ (middle), and phase fraction
(bottom) of the two binary phases during lattice compression. (e) Dark-field scanning transmission
electron micrograph of a single-crystal NaZni3 BNSL, and () its structural model. (g) Dark-field
scanning transmission electron micrograph of a heterostructure showing the coexistence of NaZn1s

with a secondary phase.
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Figure 3: The influence of attractive forces in binary mixtures. (a-b) Mie pair potentials shown as
a function of the normalized interparticle distance, U(r/c), calculated for a well depth of 1 kT and
for length scale parameters m = 25 (a) and m = 6 (b). The potential in (a) is described as the
“narrow well” and the one in (b) as the “wide well” in the main text. For each potential, three types
of interactions are shown: between larger (LL) nanocrystals (NCs), between larger and smaller
(LS) NCs, and between smaller (SS) NCs. (c-d) Thermodynamic phase diagrams computed from
free energy calculations for the narrow (c) and wide well (d) as a function of well depth, €, and
normalized particle density, po°. The blue and orange lines demarcate the regions of gas-solid
coexistence and vapor-liquid coexistence, respectively. Errors in the phase boundaries are smaller
than the points. The dashed red line in (d) indicates the critical well depth & above which vapor-
liquid coexistence occurs. The phase diagrams are computed at a NC number ratio of 1:2. (e-f)
The evolution of the number of AlIB»-like particles in self-assembly simulations through slow

compression for the narrow (e) and wide well (f).

Figure 4: The self-assembly of AIB. and NaZnis in spherical droplets. In (a) we show the results
of attempts to self-assemble AlB2 and NaZn13 with the deepest (2.5 kT), narrow well used in Figure
3. The curve labelled “NaZn13” was obtained at a stoichiometry of 1:13, while the curve labelled
“AlB2” was obtained at a stoichiometry of 1:2; Nerys/Niotar 1S the fraction of large particles we
identify as NaZnis-like or AIB-like respectively. In (b) and (c) we show early stages of the
growing NaZn3 and AIB; crystals, respectively. We show two different time points, (i) and (ii);
the color of the images’ borders match that of the corresponding timepoints in (a) from which they
were taken. We show large particles identified as crystalline in blue and small particles

neighboring a crystalline large particle in pink; all other particles are reduced in size and colored
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grey. In (d) and (e), we visualize an inner slice of each droplet at the final time point of our

simulations, coloring every particle. Unlike the simulations in Figure 3, each species is set to have

the polydispersity of the corresponding experimental nanoparticles.
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