Porous Magneto-Fluorescent Superparticles by Rapid Emulsion Densification
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ABSTRACT: Porous superstructures are characterized by large surface area and efficient molecular transport. Although meth-
ods aimed at generating porous superstructures from nanocrystals exist, current state-of-the-art strategies are limited to
single-component nanocrystal dispersions. More importantly, such processes afford little control over the size and shape of
the pores. Here we present a new strategy for the nanofabrication of porous magneto-fluorescent nanocrystal superparticles
that are well controlled in size and shape. We synthesize these composite superparticles by confining semiconductor and
superparamagnetic nanocrystals within oil-in-water droplets generated using microfluidics. The rapid densification of these
droplets yields spherical, monodisperse, and porous superparticles of nanocrystals. Molecular simulations reveal that the
formation of pores throughout the superparticles is linked to repulsion between nanocrystals of different compositions, lead-
ing to their phase separation during self-assembly. We confirm the presence of nanocrystal phase separation at the single
superparticle level by analyzing the changes in optical and photonic properties of the superstructures as a function of nano-
crystal composition. This excellent agreement between experiments and simulations allows us to develop a theory that pre-
dicts superparticle porosity from experimentally tunable physical parameters such as nanocrystal size ratio, stoichiometry,
and droplet densification rate. Our combined theoretical, computational, and experimental findings provide a blueprint for
designing porous, multifunctional superparticles with immediate applications in catalytic, electrochemical, sensing, and
cargo-delivery applications.

INTRODUCTION:

The field of nanoscale self-assembly has experienced tremendous growth over the last three decades, fueled by advances in
the synthesis of complex nanocrystals (NCs) as well as increased control over their organization into complex superstruc-
tures. NCs can be assembled into amorphous,? crystalline,3-¢ and quasicrystalline’- superstructures (superlattices) by care-
ful tuning of parameters such as NC shape,!0-19 stoichiometry,?% 2! ligand design?#2* and grafting density.25-?” These experi-
mental handles influence the magnitude?®2° and length scale3 31 of the emergent interparticle interactions between NCs that
ultimately dictate the self-assembled morphologies. Currently, NC superlattices are the prime candidates for applications
across a wide range of fields, including optoelectronic,3% 33 catalytic,343% and smart/adaptive materials.3” However, achieving
direct control over crystalline domain 1) size, 2) shape, and 3) density is currently an open challenge3® 3° due to a lack of
precision control over crystal growth. Specifically, unlike crystallization of atomic solids, nanoscale self-assembly protocols
are performed in solution3 0 or at a liquid/air interface,*! 42 prohibiting the use of physical templates to guide crystal propa-
gation along a desired direction.

Along this vein, self-assembly in confinement represents a novel and promising route for templating nanofabrication. By forc-
ing NCs to adhere to an a priori defined confinement geometry during the assembly process, increased precision can be ob-
tained in the direction of crystal propagation and growth kinetics.*? One popular approach employs the use of emulsion drop-
lets to densify a dispersion of NCs. Radially symmetric shrinkage during densification creates geometrically defined set of
walls that force NCs to organize into ordered, spherical superparticles, also known as supraparticles or supercrystals.++47
These superparticles are characterized by high density and low surface area, leading to strong light-matter interaction,
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Figure 1: Generation of porous, monodisperse magneto-fluorescent superparticles from nanocrystal (NC) build-
ing blocks. Transmission electron micrographs of (top-left) superparamagnetic Fe30s NCs, depicted as black spheres, and
(top-center) semiconductor CdSe/CdS NCs, depicted as red spheres. Insets show high-resolution micrographs of individ-
ual NCs. (Top-right) Scanning electron micrograph of magneto-fluorescent superparticles generated using the source-sink
emulsion approach. (Bottom) Schematic of the source-sink emulsion approach facilitated by droplet microfluidics. First,
monodisperse toluene-in-water droplets containing a dispersion of colloidal nanocrystals are generated (source droplets,
1). Then the droplets are mixed with a hexadecane-in-water nanoemulsion (sink droplets, 2). Finally, the transfer of tolu-
ene from source to sink droplets causes the formation of monodisperse superparticles (3).

making these artificial materials ideal candidates for applications in lasing,48-50 stimuli-responsive materials and sensing,3’
and photonics.5% 52

These results suggest that emulsion templating has incredible potential in creating crystalline materials with well-defined
sizes and shapes, two of the three constraints in superlattice engineering.

However, tuning superlattice densities remains elusive. While high density materials are optimal for light-matter interactions,
low density (porous) superlattices are of interest in catalytic,34-3¢ electrochemical,53-55 sensing,5¢57 and cargo uptake®® 5% and
release>?-61 applications. Conventional strategies for fabricating porous materials based on NCs include both top-down and
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bottom-up methods. In top-down methods, exposure to an external stimulus introduces pores into an initially non-porous NC
superstructure. This results in selective chemical etching of one NC type from a binary superlattice, leaving the final structure
nanoporous.®%-¢* For bottom-up methods, porous superstructures are a direct result of NC self-assembly, without the need for
post-processing protocols.6> ¢ For instance, recently we succeeded in generating two-dimensional porous membranes
through a strategy based on complementary ligands.®” Such bottom-up methods work particularly well when using high as-
pect ratio, flexible NCs that cannot fill space efficiently, such as nanofibers,® ¢ nanowires,’® 7! or nanosheets.’? 73 Neverthe-
less, controlling the size and shape of the porous domain represents a challenge due to a lack of precise control over the
assembly kinetics.

Here, we extend the emulsion templating strategy to address the most elusive assembly constraint - tuning superlattice den-
sity. We present a protocol aimed at driving NC self-assembly into three-dimensional, porous, multicomponent, monodisperse
superparticles. To do so, we confine a dispersion comprising two distinct NC types - Fe304 and CdSe/CdS - within the same
droplet to drive their co-assembly upon droplet densification. The formation of multicomponent superparticles is accompa-
nied by the emergence of structural voids previously unobserved in emulsion-based approaches. These microscale voids
bridge the length scales of NCs (~10 nm) and superparticles (~10 pm), indicating the generalizability of artificial solids com-
posed of NC superlattices towards cargo delivery and catalytic applications. We employ a combination of theory and simula-
tion to elucidate the thermodynamic mechanism driving the formation of these porous morphologies, obtaining excellent
agreement with experiment. Our results reveal a novel approach towards programmable porosity and hierarchical ordering
within superparticles, highlighting the versatility of emulsion templating in multicomponent assemblies.

Fe;O, Superparticle Composition, ¢ (v/v) CdSe/Cd}S
| | I

0.6 0.8 1)

Figure 2: Composite superparticles reveal composition-dependent morphology. Scanning electron micrographs of

magneto-fluorescent nanocrystal superparticles with compositions ranging from pure Fes04 (¢ =0) to pure CdSe/CdS (¢
=1),where ¢ is the fraction of semiconductor NCs. At intermediate compositions, the surface of the superparticles deviates
from smooth, revealing circular depressions.



RESULTS AND DISCUSSION:

We synthesize Fe304 core and CdSe/CdS core/shell NCs stabilized by oleate ligands according to the literature.”*7> The trans-
mission electron micrographs of the NCs dispersed on a carbon substrate are shown in the top left panels of Figure 1. The
Fe304 NCs appear spherical, with a diameter of 9.2 nm * 10 %, extracted through image analysis. CdSe/CdS NCs appear fac-
eted, likely because of the slow, epitaxial growth of the CdS shell on the CdSe core. Their Feret diameter?¢ is 13.1 nm * 22 %,
where the different orientations of the faceted NCs with respect to the electron beam likely contribute to their apparent higher
size polydispersity.””

We combine these two types of NCs into superparticles by using our recently-developed source-sink emulsion templated
assembly procedure.*8 Specifically, we use droplet microfluidics to prepare a monodisperse emulsion of toluene-in-water, the
source emulsion, containing the binary dispersion of NCs at a total volume fraction of 0.01 %, volumetric ratio of the two NC
types of 1:1 or ¢ = 0.5, and NC size ratio y = 0.70. The source emulsion is then mixed with a 55 nm hexadecane-in-water
emulsion, or sink emulsion, that is prepared separately by extended tip sonication. The difference in aqueous solubility and
internal pressure between source and sink droplets causes the spontaneous, unidirectional mass transfer of toluene from the
source to the sink emulsion. This results in the rapid densification of the monodisperse source droplets to yield monodisperse
NC superparticles with a diameter of 6.6 pm * 4 %, as shown in the scanning electron micrographs in the top right panel of
Figure 1. The NC superparticles are well-dispersed, as shown graphically in Figure S2 and quantitatively in our previous
contribution.#® A schematic of the assembly procedure is shown in the bottom panel of Figure 1, while further details are
provided in the Materials and Methods section and in the recent literature.*8 50,52

The NC superparticles show surface depressions with circular cross-sections of approximately 0.48 um in radius. Some de-
pressions appear to have merged to form dipolar shapes, while others are larger and lead to an empty volume within the
superparticle. We explore the appearance of these surface characteristics by preparing NC superparticles with different
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Figure 3: Investigation of the inner volume of the superparticles at the intermediate composition (¢ = 0.5). (al-
a4) Focused ion beam milling series of a single nanocrystal superparticle, and relative schematic (b1-b4). Statistical anal-
ysis of the area of the voids (c) and total void area fraction (d) as a function of distance from the surface of the superpar-
ticle. Markers indicate the mean value, while error bars indicate the standard deviation.

compositions ranging from ¢ = 0, indicating superparticles containing solely Fe304 NCs, to ¢ = 1, indicating superparticles
containing solely CdSe/CdS NCs. The results are shown in the top panel of Figure 2. Superparticles comprising a single NC
species, ¢ = 0 or 1, resemble homogeneous spheres with smooth surfaces and minimal surface features. Interestingly, upon
the incorporation of a second NC species at fractions 0.2 < ¢ < 0.8, the surface of the superparticles begins to deviate from
smooth to show depressions, voids, and asperities. These features become most apparent at ¢p = 0.5, as shown in the bottom
panel of Figure 2, and are robust across several preparations, see Figure S3. A closer inspection of the scanning electron
micrographs reveals cracks in the superparticle structure that are visible through the surface depressions, suggesting the
presence of voids below the surface.

We investigate this hypothesis by milling a single NC superparticle with ¢ = 0.5 using a focused-ion beam. Scanning electron
micrographs taken after milling at different depths reveal the presence of spherical voids distributed throughout the volume
of the spherical superparticle (Figures 3ai-as+ and 3bi-ba for images and schematics, respectively). Analyzing these images
allows us to quantify the size of the voids as well as their spatial distribution within the superparticle. Figure 3¢ shows the
area of the voids as projected on the milling plane as a function of milling depth. The area of the voids increases with milling
depth by almost 4-fold, from 0.18 um? at the surface of the superparticle to 0.71 pm? at 55% of the superparticle radius,
corresponding to a 2-fold increase in void radius from 0.24 pm to 0.48 um. While the size of the individual voids increases
with milling depth, the total void area fraction decreases from 35% to 21% when moving from the surface to the center of the

5



superparticle. Overall, these measurements indicate the formation of larger yet fewer voids with increased distance from the
superparticle surface.

We conduct Monte Carlo (MC) simulations to gain a deeper understanding of the driving forces governing the formation of
voids inside the superparticles. We extend our previously developed lattice MC simulation protocol®’ on a discretized 3D
lattice for expediency to model the NC assembly. Each system is initialized as a random dispersion of NC sites confined inside
a spherical region that represents the densifying droplet. All remaining lattice sites within the spherical region not occupied
by an NC are classified as a solvent site. Lattice sites that define the boundary of the spherical region are classified as a "wall"
type. Our MC simulation implements four different move types for NCs - translation, rotation, cluster move, and emulsion
densification (evaporation). Specifically, we define a translation move as a displacement of a NC by one lattice site. Similarly,
arotation move performs a rotational displacement of an NC by 90° relative to either the x-, y-, or z-axis of the lattice. Cluster
move refers to perturbation of a group of neighboring NCs. We employ two types of perturbations: 1) reorganization of NCs
within a cluster and 2) translation of a NC cluster as a whole. Evaporation moves are performed such that the solvent particle
closestto the receding spherical wall is converted from a “solvent” type to a “wall” type. The converted site cannot be occupied
by another NC or solvent particle. All MC moves are accepted/rejected using the standard Metropolis algorithm.”® For rapid
detection of clusters formation/break-up, we employ the freud analysis package.”® To equilibrate the system, we first perform
only translation and rotation moves for NC and solvent particles under athermal conditions for 1E6 MC steps. Afterwards, we
turn on all relevant interactions between NCs and solvent particles and perform all MC move types for 1E7 MC steps. The
initial volume fraction is 0.05, close to experiments. To control the rate at which we densify the system from the initial volume
fraction in simulation, we define an evaporation rate () as the ratio of evaporation moves relative to other moves in the
system. A value of a=0 indicates no evaporative move and a=1 indicates that all MC moves are evaporative moves.

To compute the relevant interaction energies, we assume that each lattice site containing a NC represents a unit cell of the
self-assembled superlattice structure. Therefore, the physical picture that our simulation seeks to describe is that of interact-
ing unit cells of NC superlattices that grow and merge with each other during emulsion densification, ultimately driving the
formation of large crystalline domains of NC superparticles. This assumption builds on the numerous studies highlighting the
propensity of NCs to self-assemble into crystalline morphologies under emulsion templating.44-46.51.80-88 The interaction en-
ergies between NCs are then extracted as the per-unit cell lattice energy of formation computed using our previously devel-
oped thermodynamic perturbation theory (TPT), see Methods/SI for details 27.89

The results of our simulations for unary (¢ = 0 or 1) and binary (¢ = 0.5) dispersions of NCs as a function of emulsion densifi-
cation are shown in Figure 4a-b respectively. NCs with different compositions exhibit a strong tendency to phase-separate
during assembly (Figure 4b). Surprisingly, our experimental results support this interpretation, as the elemental map of the
cross section of a superparticle prepared for ¢ = 0.5 suggests the presence of Cadmium- and Iron-rich regions, see Figure S4.
A visual inspection of the simulated cross section of the fully formed superparticles reveals the emergence of voids with in-
creasing ¢ values (Figure 4c). This observation is also in qualitative agreement with experimental observations (Figures 1-
3). For quantitative comparisons with experiments, we measure the void area as a function of distance from the superparticle
surface. An approximate 3-fold increase of the void area going from the surface to the center of the superparticle is observed
in simulation (Figure 4d). Additionally, the void area fraction shows a 1.8-fold decrease in total void area when moving from
the surface to the center of the superparticle (Figure 4d). Both measurements are in excellent agreement with the experi-
mental observations shown in Figure 3.

The ability of our simulation protocol to reproduce experimental results points to a good understanding of the relevant NC
interactions driving void formation. Here, we leverage the insights provided by simulation to develop an analytical theory
that incorporates experimental parameters such as the NC stoichiometric ratio ¢, NC size ratio y, and emulsion densification
rate a to predict the final void fraction within the self-assembled NC superlattices. We posit that there are four major inter-
actions contributing to the observed void formation: 1) lattice formation energy from NC crystallization, 2) repulsion between
different NC types, 3) confinement energy from the evaporating emulsion, and 4) surface tension cost of NC contacts with the
emulsion boundary and solvent. Our theory seeks to capture the following physical process. Growing crystallites of NCs are
pushed together by the decrease in available volume due to emulsion densification. As densification progresses, clusters of
NCs with the same composition can reorganize and merge, whereas those with different composition disfavor merging. In the
dilute limit, clusters can move past each other without interacting. However, at higher densities NC clusters are larger and
less mobile due to the limited space between neighboring particles, hindering rearrangements. The repulsion between in-
compatible NC types further undermines reorganization and drives void formation through phase separation.

An alternative way to think about this process is through the competition between kinetics and thermodynamics. If given
enough time, the system will be thermodynamically driven to phase separate into pure phases for each NC species. The key
force preventing this, however, lies in solvent removal which induces a shrinkage of the emulsion droplets. This densification
provides an increasingly higher thermodynamic driving force for NC self-assembly into superlattices. This means that the size
of the initial NC superlattice cluster grows with increasing densification. In the dilute regime, clusters consisting of NCs with
different composition can move past each other to merge with more favorable clusters containing the same constitutive NC
species. This will result in larger NC clusters when the emulsion reaches the high density regime. In this regime, these larger
clusters exhibit slower diffusion within the emulsion droplets due to both their increased size and a higher local NC cluster
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density. In other words, cluster reorganization and merging are hindered in the high density regime due to both decreased
cluster mobility and increased repulsion with neighboring clusters due to phase separation driving forces. Eventually, the NC
clusters become trapped in place, as the relaxation time needed to escape their confinement is longer than the densification
time of the system. Therefore, the driving force that disfavors merging is a result of kinetics preventing NC mobility within an
emulsion droplet of increasing concentration.

Using scaling theory, we balance this interplay between attractive and repulsive interactions between NCs along with the

surface tension cost of NCs in contact with the solvent and the driving force from the densifying emulsion to predict the void
fraction in the assembled system (SI). We obtain the following quadratic equation for the void volume fraction ¢ :

0~ ¢|§'[D1 - (5/9)D2] + ¢V[_2D1 + (5/3)[)2] + [Dl - DZ + AGsolvent] (1)

where D; = y; — AGgoipen: and D, = 2/3 n;1/3)(2 (aC +7T) and y, and y, are defined as:
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Figure 4: Computer simulations of porous superparticle self-assembly. Snapshots of nanocrystal (NC) superlattice
assembly with increasing emulsion densification for (a) ¢ = 1.0 and (b) ¢ = 0.5.Red and gray particles represent the NCs,
yellow particles represent the solvent. (c) Visualization of a cross-section of the self-assembled NC superlattice at different
values of ¢. The border of the superlattice is highlighted in blue. (d) Quantitative measurements of the relative void area
and percentage of total void volume within a NC superparticle as a function of milling depth relative to the total superpar-
ticle radius. (e) Theoretical predictions of the final void fraction (Equation 1) as a function of ¢ and «. Solid lines indicate

theory and data points are from simulations.
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Figure 5: Photoluminescence (PL) of magneto-fluorescent, composite nanocrystal (NC) superparticles. (a) PL spec-
tra of individual superparticles prepared with different compositions of NCs. Fe3s04 superparticles are non-emissive, there-
fore their spectra are not shown. The inset shows PL micrographs of two superparticles with ¢ = 0.5. (b) Integrated PL
intensity and (c) spectral position of the PL peak of individual superparticles as a function of superparticle composition.
Excitation wavelength: 420 nm.

Each free energy (4G) term is computed using TPT (Methods/SI), where 4G, is the free energy of unit cell formation for
a given lattice, 4Gy is the energy computed from Boltzmann-weighted averaging of amorphous NC clusters, 4G, is the
energy difference between a unit cell with heterogeneous versus homogeneous NC compositions, and 4Gsgpen; is the Boltz-
mann weighted average energy of solvent clusters. The quantities x and y define the stoichiometry of the NC superattice (i.e.
A,By) and I' indicates the surface tension cost of the crystal/solvent interface. Equation 1 can be easily solved using the
quadratic formula and provides excellent agreement when compared to results calculated from simulation (Figure 4e). These
results predict that higher emulsion densification rates should lead to more porous superparticles. This might explain why
previous synthetic procedures based on densification rates lower than those afforded by the source-sink emulsion approach
did not produce porous superparticles even when using a very similar combination of NC species.?® This renewed under-
standing paves the way to the control a priori of the porous structure of superparticles.
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Figure 6: Lasing of magneto-fluorescent, composite nanocrystal superparticles. Photoluminescence (PL) spectra
with increasing excitation fluence for ¢ = 1 (a) and ¢ = 0.5 (b). The inset shows photoluminescence micrographs of the
superparticles. Excitation wavelength: 488 nm.

In addition to driving the assembly of porous superlattices, mixing Fe304 and CdSe/CdS NCs imbues the resulting superparti-
cles with interesting optical effects. Figure 5a shows the photoluminescence (PL) spectra of individual magneto-fluorescent
superparticles of different compositions, 0 < ¢ < 1, when excited with 420 nm light. The PL peak centered around 625 nm
arises due to the emission from CdSe/CdS NCs, while the Fe304 are non-emissive. As the fraction of CdSe/CdS NCs in a super-
particles increases from ¢ = 0.2 to 1, the integrated PL intensity increases by more than two orders of magnitude (Figure 5b).
Additionally, the position of the PL peak undergoes a 6.1 nm red-shift with increasing ¢ from 620.4 nm to 626.5 nm (Figure
5c¢). Both the total PL intensity and PL position change non-linearly with ¢, with significant increase for ¢ > 0.5.

Spherical NC superparticles can act as a resonant cavity, trapping light near their surface through photonic whispering-gallery
modes.*850 When the excitation fluence overcomes the cavity’s optical losses, the photons trapped in the whispering-gallery
modes can induce lasing action. We investigate the role of an intermediate composition on the lasing properties of the com-
posite superparticles. At ¢ = 1, increasing the fluence of a 488 nm pulsed laser source on a single superparticle results in
multi-mode lasing assisted by the tightly-spaced whispering-gallery modes, as shown in Figure 6a.52 However, at ¢ = 0.5, we
are unable to trigger the lasing action (Figure 6b). Additionally, the intensity of the PL spectrum does not increase with
excitation fluence, indicating optical saturation. This suggests the presence of additional optical losses in the cavity.
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Figure 7: Photoluminescence (PL) kinetics of magneto-fluorescent, composite nanocrystal superparticles excited
by pulsed laser light (5 ns duration, wavelength = 488 nm). (a) Kinetics of the emission intensity recorded at 625 nm, as
observed for different compositions of the superparticles. Circles represent data points; full lines represent multi-expo-
nential fits. (b) Average lifetime obtained by least-square fitting data in panel (a) with multi-exponential decay functions.

Comparable PL quenching was observed in the literature from a binary mixture of iron oxide and CdSe/ZnS NCs dispersed in
octane droplets.°? Studies on iron oxide NCs functionalized with fluorescent molecules,?? or binary mixtures of iron oxide and
CdSe/ZnS NCs co-encapsulated in micelles®? suggest that PL quenching increases when the distance between NCs decreases.
However, the distance between NCs of two different species in a well-mixed system should depend linearly on the relative
volume fraction of the two species. This should result in a linear change of the total PL intensity with superparticle composi-
tion (¢). Instead, the integrated PL signal changes non-linearly with superparticle composition, Figure 5b. This suggests the
onset of phase separation of the two NC species at intermediate compositions.

We investigate this hypothesis by nanosecond-time-resolved fluorescence measurements. Figure 7a shows the emission de-
cay kinetics observed for different compositions ¢ of the superparticles. The excited-state depopulation of pure CdSe/CdS
superparticles (¢=1) follows multi-exponential kinetics. The data are fitted by a linear combination of three time constants
(ti) of different amplitudes (4:): 8.0 ns (31%), 30 ns (65%), 80 ns (4%).”> However, upon addition of Fe304 NCs (¢=0.8) the
decay kinetics become shorter across all 3 components (see Table S1). The average lifetime, defined as 7,, =
Yic1-3A;T; / Di—1-3 A; (Figure 7b), decreases to half of its initial value, from 25.2 ns (¢=1) to 12.5 ns (¢=0.8). Interestingly,
increasing the concentration of Fe304 NCs even further does not lead to a change in the average lifetime, indicating saturation
already at ¢p=0.8.

These results show that Fes04 NCs are capable of quenching excited-state carriers in CdSe/CdS NCs by introducing additional
non-radiative decay pathways which shorten the excited-state lifetime. The Fe304 NCs display a quasi-continuum of absorp-
tion transitions overlapping with the emission from CdSe/CdS NCs (Figure S1). Thus, we identify a possible quenching mech-
anism in non-radiative energy transfer from the emissive transitions of CdSe/CdS NCs to nearby Fe304 NCs. Forster-theory
calculations yield a Forster radius (the distance at which a 2-fold reduction in PL quantum yield is expected) of 6.5 nm.?4-9
This value is consistent with the interval ranging from the minimum surface-to-surface distance (~2 nm)#¢-8% and the center-
to-center distance (13 nm) between two neighboring NCs. Since at ¢=0.8 most CdSe/CdS NCs will find at least one Fe304NC
among their six nearest neighbors, the initial lifetime reduction can be explained by non-radiative energy transfer, These
close-range interactions also explain the shift of the PL peak (Figure 5c), which almost entirely happens between ¢=0.8 and
1, as the emission peak position is expected to be highly sensitive to the local dielectric environment of the emitting NCs.52
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The lack of further changes in the decay kinetics for ¢<0.8 indicates that the additional Fe304 NCs are too far from the
CdSe/CdS emitters to have any additional effects on their radiative or non-radiative rate. Even the configurations where a
given CdSe/CdS NC interacts with more than one nearest-neighbor Fe;04 NCs must be rare, otherwise we should observe a
multiplicity of decay patterns associated to these different configurations. In contrast, the kinetics in Figure 7a are identical
for any ¢<1. We conclude that time-resolved PL data further support the phase separation of the two NC species at interme-
diate compositions, in strong agreement with the results of simulations (Figure 4b). After the onset of phase separation
(¢<0.8), the further reduction of the emission quantum yield of the superparticles (Figure 5b) does not stem from direct
electronic interactions between the two types of NCs. Rather, it can be explained by the increased reabsorption from Fe304
NCs of photons emitted by CdSe/CdS NCs, and by the growing contribution of non-emissive Fe304 NCs to the absorption of
excitation light.

CONCLUSION:

We showed a direct assembly pathway that gives rise to the formation of porous, magneto-fluorescent superparticles by lev-
eraging the repulsive colloidal interactions between NCs with different compositions: super-paramagnetic Fe30s and semi-
conductor CdSe/CdS NCs. The confinement of colloidal NCs to toluene droplets undergoing rapid densification through the
source-sink emulsion process leads to monodisperse, spherical superparticles. Whereas superparticles consisting of a single
NC species (=0 or 1) show smooth surfaces, superparticles with intermediate compositions (0.2 < ¢ < 0.8) show the presence
of circular depressions. These features are not limited to the surface of the superparticles but instead extend to their inner
volume as spherical voids. Molecular simulations further reveal that the repulsion between NCs with different compositions
favors phase separation inside the densifying emulsion, driving the formation of the voids observed in the final superstruc-
tures. The characteristics, occurrence, and spatial distribution of these voids in simulations matches well with experimental
results, confirming that using a composition characterized by equal volumes of the two NC species maximizes the porosity of
the superparticle.

Analyzing the significant composition-dependent changes in the optical and photonic properties of the superparticles, namely
the occurrence or inhibition of the lasing action and PL saturation, provides an independent confirmation of the phase sepa-
ration between emissive CdSe/CdS and non-emissive Fe304 NCs at intermediate compositions. Based on this excellent agree-
ment between experiments and simulations, we developed a theory that predicts the porosity of the final superparticles from
the experimentally controlled parameters controlled in experiment such as the NC stoichiometry, NC size ratio y, and the rate
of densification of the emulsion droplets a. These results provide a clear roadmap to design confined, high surface area, po-
rous, multifunctional superparticles. These superparticles may be used in catalytic or on demand delivery applications: Exci-
tation with high-frequency magnetic fields may heat and release the stored cargo,’” and the release may be monitored opti-
cally by changes in refractive index of the superparticle.52 ?8-103 Finally, future structural designs of the assembled structures
may allow for interesting developments in the manipulation of the magnetic properties of the final material.®

METHODS

NC synthesis: Fe304and CdSe/CdS NCs are synthesized according to the literature’ 75 with minor changes that are outlined
in detail in our latest works.*8 80 After washing, the NCs are dispersed in toluene at a volume fraction of 0.01% and filtered
using 0.22 um PVDF syringe filters.

Transmission electron microscopy: The NCs are deposited (10 pL at ~0.1 mg/mL) on a carbon-coated TEM grid and placed
under vacuum for 1 hour prior to imaging. The grid is imaged by using a JEOL F200 microscope operated at 200 kV. During
imaging, magnification, focus, and tilt angle are varied.

Superparticle synthesis: Monodisperse NC superparticles were prepared by using the source-sink emulsion system aided
by droplet microfluidics. The procedure is described in detail in our latest works.*8 50.52 Briefly, we use a multichannel pres-
sure regulator (Elveflow, OB1MK3+) connected to a glass microfluidic chip (Darwin Microfluidics, model T-26) with two cross
junctions to mix three distinct phases: the dispersed phase (NCs in toluene at 0.01% volume fraction, ¢ = [0,1]), the continu-
ous phase (20 mM sodium dodecyl sulfate in water), and the “sink” emulsion phase (55 nm droplets of hexadecane-in-water,
1% w/w, prepared just before through extended tip sonication), see Figure 1. The first junction of the microfluidic chip is
used to generate monodisperse toluene-in-water droplets containing the NCs, generating the “source” emulsion. The second
junction is used to mix this source emulsion with the sink emulsion. The length of the PFA tubing determines the co-residence
time of the two emulsions of ~ 4 min. During this time, the emulsions are kept at a temperature of 50 °C to facilitate the
migration of toluene from the source to the sink emulsion. The sample is collected in 20 mL scintillation vials that initially
contain 5 mL of sink emulsion. The vials are left uncapped overnight on a hot plate set at 50 °C. The samples are then washed
3-fold in the dispersed phase by using mild (100 g) centrifugation in glass containers. Finally, the superparticles were redis-
persed in 10 mM sodium dodecyl sulfate in water.

Scanning electron microscopy: The samples are prepared for imaging by drop casting 40 pL of the superparticle dispersion
on a clean piece of silicon wafer, followed by drying. The wafer is then dipped twice in a cleaning solution of water to isopro-
panol 1:2 (v/v) to remove excess surfactant, followed by vacuum drying. The samples are imaged by using a Tescan S8252X
operated at 2 kV and 100 pA. FIB milling is performed with an ion voltage of 30 kV and a current of 100 nA. Image analysis is
performed by using Image].

12



Steady-state PL measurements on single superparticles: PL spectra are collected using a CRAIC 308 PV microspectropho-
tometer integrated on an Olympus BX51 equipped with a 120 W mercury vapor arc lamp as the excitation source. The exci-
tation light is filtered by a 400 nm - 440 nm band-pass filter, and the emission is collected through a 475 nm long-pass filter
(Olympus U-MWBV2). The integration time is set to 1 s, and the number of averaged spectra is set to 30.

Time-resolved PL measurements: Superparticles are drop-casted on a glass slide (10 pL of dispersion and 40 pL of water)
and allowed to dry under vacuum. The glass slide is then dipped 3 times in a solution of 33% water and 67% isopropanol and
allowed to dry under vacuum. Drop-cast superparticles are excited by 5 ns laser pulses provided by an optical parametric
oscillator pulsed by the third harmonic of a Nd:YAG Q-switched laser. The emission from the samples is collected by a lens
and directed to the entrance slit of a monochromator coupled to an intensified CCD camera triggered by the laser. Emission
spectra from the samples, time-gated in temporal windows variably delayed from the excitation pulse, are recorded to recon-
struct the emission intensity kinetics.

Lasing experiments on single superparticles: Lasing spectra are collected on a home-built confocal microscope: an ultra-
fastlaser (Coherent Monaco 1035, 272 fs pulse width, 1kHz repetition rate) pumps an optical parametric amplifier (Coherent
OperaHP), which is set to output 488 nm light. The beam passes a 500 nm short-pass filter and a computer-controlled gradient
neutral density filter to adjust the incident fluence. The light is coupled to a meter-long, 105 um core, 0.1 NA optical fiber.
Light exiting the fiber is collimated by a 30 mm focal length lens and is sent to the infinity space of a modified Olympus BX43
microscope. The light is then imaged to the sample surface by a 50x, 0.8 NA objective lens (Olympus MPLFLN50XBD), which
yields a spot size of approximately 12 um completely covering a single superparticle. The emitted light is collected through
the same objective, passes the microscope tube lens, and is then filtered (500 nm long-pass) to remove the excitation beam.
Light is then split by a 30:70 beam splitter; one path is coupled to a collection optical fiber (105 pm core, 0.1 NA), which is
relayed to a spectrometer (Horiba iHR 550 monochromator and Symphony II liquid nitrogen cooled CCD), while the other
path is sent to a CCD camera (Thorlabs DCU224C) for the acquisition of PL images.

Forster radius calculation: The Forster radius is estimated by calculating the overlap integral between the normalized pho-
toluminescence band of the donor CdSe/CdSe NC and the absorption spectrum of the acceptor Fe304 NC and using the classical
expression found in the literature.?®

Lattice Monte Carlo simulation of NC self-assembly: We conducted simulations spanning sweep across a phase design
space defined by different densification rates (a € [0,1]) and fraction of CdSe/CdS relative to the total number of NCs (¢
€[0,0.5]). Each simulation is initialized in the dilute limit with NC volume fraction <1% confined within a spherical region. MC
move types are: translation, rotation, cluster, and densification (solvent evaporation). Cluster moves employ both translation
and rotation moves, weighted equally. All moves are rejected/accepted using the standard Metropolis algorithm. All simula-
tions are are run for 1IE7 MC moves to ensure equilibration.

Thermodynamic perturbation theory for free energy of lattice formation: We define a "hard-particle" reference for NCs
occupying different lattice structures of interest. We then assign an interaction potential V() between NCs to compute the
excess free energy of formation. For our purposes, we use a Mie-type potential that has been successfully employed to model
binary spherical NCs assembly in simulations. The equilibrium constant K for the formation of the lattice is computed using:

Sij . N
K=1LY%; ‘ZT ) fl.]s.” (r)gijc(r)dr, where the product and summation over i and j are performed over all types of interactions

and NC types, respectively. The function f(r) is the Mayer-f function defined as f(r) = e #V®) — 1, p is the system density,
and g.(r) and s are the radial distribution function and coordination number of the crystal of interest, respectively. Using
thermodynamics, the excess free energy AG = —kT In K. For full details of the derivation, we refer the read to our previously
published works.?7 89
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