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Observations of nanoparticle superlattice formation over minutes
during colloidal nanoparticle synthesis elude description by con-
ventional understanding of self-assembly, which theorizes super-
lattices require extended formation times to allow for diffusively
driven annealing of packing defects. It remains unclear how nano-
particle position annealing occurs on such short time scales
despite the rapid superlattice growth kinetics. Here we utilize
liquid phase transmission electron microscopy to directly image
the self-assembly of platinum nanoparticles into close packed
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Real-time imaging of metallic supraparticle
assembly during nanoparticle synthesist
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supraparticles over tens of seconds during nanoparticle synthesis.
Electron-beam induced reduction of an aqueous platinum pre-
cursor formed monodisperse 2—3 nm platinum nanoparticles that
simultaneously self-assembled over tens of seconds into 3D supra-
particles, some of which showed crystalline ordered domains.
Experimentally varying the interparticle interactions (e.g., electro-
static, steric interactions) by changing precursor chemistry
revealed that supraparticle formation was driven by weak attractive
van der Waals forces balanced by short ranged repulsive steric
interactions. Growth kinetic measurements and an interparticle
interaction model demonstrated that nanoparticle surface
diffusion rates on the supraparticles were orders of magnitude
faster than nanoparticle attachment, enabling nanoparticles to
find high coordination binding sites unimpeded by incoming par-
ticles. These results reconcile rapid self-assembly of supraparticles
with the conventional self-assembly paradigm in which nanocrys-
tal position annealing by surface diffusion occurs on a significantly
shorter time scale than nanocrystal attachment.

Colloidal self-assembly integrates nanocrystals into ordered
microscopic and macroscopic structures, such as 1D chains,’
2D superlattices,>™ and 3D supraparticles,® that have emer-
gent functional properties not shown in individual particles.®
Self-assembled structures of nanocrystals possess unique
optical,”® electronic,”'® magnetic,""'> mechanical,”>'* and
catalytic properties’>™” due to physical and electronic
interparticle coupling. For instance, collective dipole-dipole
interactions arising from close interparticle spacing
between nanocrystals modifies the excitonic and plasmonic
properties of self-assembled structures compared to single
nanocrystals."”®* > Nanoconfinement of chemical reactants
between nanocrystals in self-assembled structures can affect
heterogeneous catalytic reactions, improving the overall cata-
lytic activity and modifying selectivity.'>>*>*

Rational control of individual nanocrystal ordering in self-
assembled structures is challenging due to the required deli-
cate balance between attractive and repulsive interparticle
forces and slow kinetics required for self-assembly.>>>® If the
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attractive forces (e.g., van der Waals) are too strong or assembly
kinetics too rapid, kinetically trapped and disordered fractal
aggregates form. Self-assembly therefore requires weak inter-
particle attraction on the order of thermal forces or less.”
Conventionally, self-assembly is carried out with mono-
disperse organic ligand coated nanoparticles prepared by col-
loidal synthesis. Solvent evaporation, antisolvent addition, or
temperature changes slowly increase attractive interparticle
interactions over time,*** allowing particles sufficient time to
anneal into crystalline arrangements.>*® Controlled evapor-
ation of the solvent creates a supersaturated solution of nano-
particles where weak capillary drag and van der Waals forces
drive self-assembly into ordered superlattices.**** However,
evaporative nanocrystal self-assembly can require days, while
temperature induced assembly of DNA coated nanoparticles
requires thermal annealing for extended periods. Recent
research has demonstrated rapid (minutes) self-assembly of
colloidal nanocrystals into 3D superlattices during nanocrystal
synthesis,*>° in response to solvent temperature changes,*" or
under electric field stimulus.>’*° Rapid assembly kinetics are
at odds with the classical picture of self-assembly because con-
ventional colloidal aggregation theory predicts formation of
fractal aggregates.”® Prior observations of superlattice for-
mation during nanoparticle synthesis have been explained by
progressively increasing attractive van der Waals interactions
as nanoparticles grow larger.*>>° However, these prior reports
utilized ensemble in situ small angle X-ray scattering measure-
ments so it was not possible to reconcile the kinetics of nano-
crystal attachment to superlattices with interparticle inter-
actions and annealing mechanisms. Direct real time visualiza-
tion of nanoparticle self-assembly at the nanometer spatial
scale would enable delineating self-assembly kinetics, nano-
particle (surface) diffusion, and interparticle interactions
enabling self-assembly of nanoparticle superstructures over
second to minute time scales.

Here we utilize liquid phase transmission electron
microscopy (LP-TEM) to visualize self-assembly of 2-3 nm
spherical platinum nanoparticles into 3D supraparticles over
tens of seconds. Prior LP-TEM research has examined nano-
particle self-assembly, but has focused primarily on larger pre-
formed nanoparticles (>10 nm) stabilized by organic
ligands.**™*° In this study, electron beam reduction of an
aqueous platinum salt forms 2-3 nm Pt nanocrystals, ie.,
primary particles, in bulk solution that immediately assemble
into 3D supraparticles over seconds. In contrast to prior
LP-TEM studies where nanoparticles formed by heterogeneous
nucleation,”® the primary nanocrystals formed by homo-
geneous nucleation and were nearly monodisperse. Unlike
prior reports,>>?® the primary nanocrystals stopped growing
after assembly, leaving ~1 nm interparticle gaps within the
supraparticle. While prior LP-TEM work has shown nano-
particle self-assembly via non-classical mechanisms such as
amorphous nanoparticle condensates,*® nanoparticle chain
intermediates,* and reaction limited aggregation,”* our obser-
vations demonstrate rapid self-assembly during nanoparticle
synthesis occurs by the classical route where nanoparticles

This journal is © The Royal Society of Chemistry 2022

View Article Online

Communication

attached at a rate defined by the diffusion limit and then
annealed their position by rapid surface diffusion.>® The
observations reconcile the rapid formation of close packed
supraparticles with the conventional picture of self-assembly.

LP-TEM imaging experiments were performed in a silicon
nitride microfluidic cell with the microscope operating in
scanning transmission electron microscopy (STEM) mode.>
Nanoparticles were synthesized by continuously imaging
aqueous precursor solutions containing 0.15 mM K,PtCl, with
or without 1 M tert-butanol (TBA) and 1 mM sodium citrate
(SC). The electron beam creates reducing radical species,
aqueous electrons (e,q~) and hydrogen radicals (H"), which
reduce the platinum precursors to metal atoms.> TBA was
added as a radical scavenger to consume hydroxyl radicals
(OH") created by the electron beam, which can oxidize metal
ions and atoms,’>>® while SC is a common negatively charged
capping ligand for metal nanoparticles. Real time movies of
nanoparticle formation showed that the morphology of the
platinum nanoparticles changed as a function of the precursor
chemistry. LP-TEM time lapsed images showed that
30-100 nm spherical nanoparticles formed in 0.15 mM
K,PtCl, with 1 M TBA over a time scale of ~90 s (Fig. 1a, ESI
video 1f). Nanoparticles were immobile during formation
because they nucleated on the silicon nitride membrane,*®
and grew by monomer attachment. Some neighboring par-
ticles were observed to undergo coalescence. Platinum nano-
particles with rough surfaces of similar size formed in
0.15 mM K,PtCl, without TBA by a self-growth mechanism
under the same electron beam conditions (Fig. 1b, ESI video
27). In the presence of 1 mM SC and 1 M TBA, we noticed that
no supraparticles formed on the silicon nitride membrane
under the same beam current and magnification as the other
precursor chemistries. However, a higher dose rate experi-
mental condition showed that ~10 nm nanoparticles appeared
in the first ~10 s of imaging and then detached from the mem-
brane surface and rapidly diffused away, denoted by streaks in
the image (Fig. 1c, ESI video 37).

High resolution TEM (HRTEM) imaging after disassem-
bling and drying the liquid cell membranes showed the nano-
particles were supraparticles consisting of close packed 3D
assemblies of 2-3 nm primary platinum nanocrystals.
Comparing the sizes and shapes of the particles in HRTEM to
those observed with LPTEM indicates that drying the sample
did not significantly alter packing of primary particles within
the supraparticles. In the presence of TBA, the supraparticles
were either nearly spherical or faceted with rounded corners
(Fig. 2a-c). Primary nanoparticles were separated by ~1 nm
within the supraparticles. While most supraparticles contained
random close packed primary particles, some supraparticles
displayed crystalline packing as indicated by fast Fourier trans-
forms (FFTs) showing spots with center-to-center particle
separations of ~3.3 nm (inset Fig. 2a and b). The ordered
domains could not be put onto zone axis due to tilt limitations
of the sample holder and the small number of available crys-
talline domains (<5% of supraparticles). In the absence of
TBA, disordered Pt supraparticles with rough surfaces formed
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Fig. 1 Time lapsed LP-TEM images of Pt nanoparticle formation demonstrate precursor chemistry affects particle morphology and growth
dynamics. (a) Spherical and faceted nanoparticle growth in the presence of 1 M TBA (beam current of 31 pA, magnification of 120 kx, and dose rate
of 1.9 MGy s™%). (b) Dendritic nanoparticle growth in DI water (beam current of 31 pA, magnification of 120 kx, and dose rate of 1.9 MGy s™). (c)
Spherical nanoparticle growth followed by nanoparticle detachment in the presence of 1 M TBA and 1 mM SC (beam current of 107 pA, magnifi-

cation of 200 kx, and dose rate of 17.9 MGy s™%).

from non-spherical, polydisperse primary particles that were
fused together to form a continuous network of platinum
(Fig. 2d). It was not possible to obtain HRTEM images of the
particles formed in the presence of SC because they did not
adsorb to the silicon nitride membrane.

The discrete structure of the supraparticles, which con-
sisted of distinct primary particles separated from each other,

314 | Nanoscale, 2022, 14, 312-319

suggested they formed by homogeneous nucleation of primary
particles followed by self-assembly on the silicon nitride.
However, the STEM electron probe rasters across the image
area too slowly to capture the motion of the rapidly diffusing
primary nanoparticles.>* Instead, we observed diffusing nano-
particles as horizontal streaks in the STEM images because
their fast motion created image blur (Fig. 3a, ESI video 47),

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Dry-state HRTEM images after LPTEM experiments showed Pt
supraparticles were comprised of close-packed primary particles dis-
playing amorphous and crystalline domains. (a—c) Supraparticles syn-
thesized in the presence of 1 M TBA precursor. (d) Supraparticle syn-
thesized in DI water. The white boxes in (a) and (b) indicate where the
inset FFTs were taken.

Fig. 3 LPTEM and dry HRTEM images indicate supraparticles formed by
assembly of 2 nm primary particles formed in bulk solution. (a) and (b)
Bright field LP-TEM images showing horizontal steaks in (a) 1 M TBA
(pixel dwell time of 25 ps and frame rate of 0.04 frames per s) and (b) 1
M TBA and 1 mM SC (pixel dwell time of 5 ps and frame rate of 0.2
frames per s). (c) Dry state HRTEM image showing free platinum primary
particles attached to the substrate near a supraparticle.

This journal is © The Royal Society of Chemistry 2022
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which supports the assertion that supraparticles formed by
primary particle self-assembly. The supraparticles were not
observed to move during the experiments (ESI video 4t), indi-
cating the image streaks were from primary particles. While we
cannot accurately quantify the diffusion coefficients (D) of the
particles based on the horizontal streaks, a simple scaling ana-

Lstreak” .
lysis (D ~ %) showed that the streak length yielded an

effective particle diffusion coefficient close to that expected for
Brownian motion in the bulk liquid. The streaks had a charac-
teristic length on the order of [cac ~ 100 nm and the particles
traversed the streaks in ¢ ~ 0.5 ms based on the known STEM
beam pixel dwell time. This yields an approximate diffusion
coefficient of 1 x 107" m? s™', which is within an order of
magnitude of the Stokes-Einstein diffusion coefficient for a
2 nm diameter particle. Similar horizontal streaks were
observed in the presence of 1 mM SC, but were observed to be
due to motion of larger particles out of the image area
(Fig. 3b, ESI video 31). HRTEM images of the supraparticles
after removing from the liquid cell and drying showed discrete
2-3 nm platinum particles attached to the silicon nitride near
some supraparticles, providing further evidence that the supra-
particles formed by assembly of primary particles (Fig. 3c).
Taken together, the streak images and the HRTEM images of
discrete primary particles provide strong evidence that the
supraparticles formed by assembly of primary particles.

Fig. 4a shows the results of quantitative image analysis of
supraparticle nucleation time (red stars) and time dependent
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Fig. 4 Supraparticle assembly kinetics were diffusion limited. (a)
Platinum supraparticle radius as a function of time (solid blue lines) and
non-linear least squares fits of eqn (1) (black dashed lines). Experimental
nucleation times are shown as red stars. (b) Estimated number of plati-
num primary nanocrystals in each supraparticle as a function of time.
Blue dashed lines are linear least squares best fits of eqn (2). (c)
Histogram of the primary nanoparticle attachment rate distribution. The
experimental conditions for the growth rate data in (a)—(c): beam
current of 31 pA, magnification of 100 kx, and dose rate of 1.3 MGy s,
(d) Distribution of growth coefficients, k, of platinum supraparticles at
different dose rates.
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supraparticle size (black lines). The supraparticle radius
(supra) followed a power law increase with time of

t = Kroupra® + to. (1)

Here k is a constant related to the primary particle concen-
tration, diffusion coefficient, and surface energy of the supra-
particle, ¢ is time, and ¢, is the nucleation time.>® The cubic
power law provided the best fit to the supraparticle growth
traces when compared to a reaction limited growth law (quad-
ratic scaling) and a mixed reaction and diffusion growth law
(mixed quadratic and cubic; see ESI} for additional details on
fitting and comparison to other models). Cubic scaling indi-
cates that the growth of platinum supraparticles over the time
scale of the experiments was a diffusion limited growth
process, limited by the diffusion rate of primary particles to
the supraparticle surface.® The observed diffusion limited
growth kinetics agree with prior small angle X-ray scattering
(SAXS) measurements of nanoparticle superlattice growth kine-
tics.>® The attachment rate of primary nanocrystals to supra-
particles was estimated by assuming the primary nanoparticles
and supraparticles were spherical and the primary nano-
particles were randomly close packed with a packing density of
@ = 0.64. The number of primary particles in a supraparticle
as a function of time (N(¢)) was calculated by

. q)rsupra (t)3

N(Y) ==

; (2)
where rp, & 1.5 nm is the primary particle radius. The number
of primary particles in supraparticles increased linearly with
time indicating constant primary particle attachment rates
(Fig. 4b). Attachment rates ranged from dN/d¢ = 10-70 particles
per s, similar to prior ensemble measurements of rapid super-
lattice self-assembly (Fig. 4c).*’ Assuming diffusion limited
attachment of primary particles to the supraparticles, the
attachment rate at the initial stages of the assembly process is
predicted by Smoluchowski kinetics to be

dN/dt = 8rnDprpn, (3)

where n, is the particle concentration in solution.’® Inserting
the range of measured attachment rates into this expression
yields a primary particle concentration in the range of 10-100
particles per pm?®, similar in magnitude to prior rapid superlat-
tice assembly experiments.®" Fig. 4d shows histograms of plati-
num supraparticle growth coefficients, k, for five different
dose rates (d), which is the amount of energy deposited to
the imaging area by the electron beam and can be calculated
via

g_les

) ()

Here s = 2.798 x 10° eV m* kg™ ' is the stopping power of
200 keV electrons in water, A is the image area, and i, is the
beam current. Prior work has established that the reduction
rate of metal precursor and growth rate of nanoparticles
increases as a function of the dose rate.”” The growth rate
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coefficient distribution was nearly the same for each dose rate,
which is expected for diffusion limited growth where the
growth kinetics are limited by the diffusional nanoparticle flux
to the supraparticle as opposed to nanoparticle attachment
kinetics. While the above growth kinetic modeling is a simple
approximation, it captures the salient experimental obser-
vations, including the observed linear increase in number of
particles, the primary particle concentration, and the dose rate
independent growth rate coefficient.

Prior work by Wu et al. showing formation of nanoparticle
superlattices during nanoparticle synthesis found that primary
nanocrystals continued to grow after assembly.>® In contrast,
here primary nanocrystals stopped growing after assembly as
indicated by clear interparticle gaps in the HRTEM images (cf:
Fig. 2a-c). Several factors could contribute to this phenom-
enon. Prior research showed that radiolysis near a solid-liquid
interface locally increased radical concentrations due to
enhanced secondary electron generation in the solid.’®
Likewise, confinement of reactants within interparticle gaps in
assembled structures can significantly impact reactant concen-
trations and rates.’® A locally higher oxidation rate near the
supraparticle surface resulting from the latter two effects could
limit the reduction of platinum precursor and halt growth of
primary nanoparticles. Depletion of negatively charged plati-
num complexes near the negatively charged silicon nitride
membrane could further reduce the local platinum precursor
reduction rate. Lastly, TBA or its oxidized products formed by
radiolysis could act as capping ligands that limit primary
nanoparticle growth. TBA is a known hydrotrope due to it
amphiphilic nature and has a size of ~0.5 nm,>® so adsorbed
layers of TBA on the primary particles could account for the
~1 nm interparticle spacing in the supraparticles. Likewise,
radical polymerization of TBA by OH" can form polymers that
bind to primary particles. Gamma irradiation of TBA forms
isobutylene oxide,*® which can polymerize into poly(isobutyl-
ene oxide) via ring opening polymerization.®® It is unclear
which of the above factors limit the growth of primary particles
following assembly because they cannot be directly probed
experimentally; however, the observed ~1 nm interparticle sep-
aration within the supraparticles is consistent with TBA or
radical polymerized TBA forming an organic capping ligand
layer. A scaling estimate based on reaction kinetics suggests
TBA is the dominant capping ligand due to its larger concen-
tration relative to polymerized TBA. Assuming mass action
kinetics, the reaction rate for the polymerization of isobutylene
oxide (IBO) molecules containing radical sites created by the
electron beam is R = kpcly,. Prior kinetic measurements for
polymer irradiated with electrons showed the bimolecular
recombination rate constant is on the order of k, ~ 10’ M~
s~".%% Prior work in our lab has shown the steady state concen-
tration of radical site containing organic monomers is limited
by the hydroxyl radical concentration to 1-10 pM, giving a rate
of reaction ranging from R = 107*-107> M s .°*** Assuming
no diffusion, the maximum steady state concentration of
polymer expected to form by radiolysis in the 80 s synthesis
time is ~0.08 M, more than 10 times less than the initial TBA

This journal is © The Royal Society of Chemistry 2022
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concentration. Diffusion of polymer is expected to significantly
lower the expected polymer concentration relative to the TBA
concentration. Electron energy loss spectroscopy (EELS)
measurements detected amorphous carbon within the supra-
particles, but not on the silicon nitride membrane (Fig. S27).
However, HRTEM images showed no polymeric layer on the
primary particle surface (¢f Fig. 2c), suggesting TBA is the
ligand as opposed to a polymer, as TBA cannot be visualized
with TEM. Taken together, the reaction kinetics argument, the
EELS measurements, and the HRTEM images suggest TBA is
the dominant ligand species, with polymerized TBA perhaps
occupying a minor fraction of the particle surfaces. More
direct measurements of the surface chemistry with infrared or
mass spectrometry was not possible due to the small amount
of supraparticles present in each sample, making them unsui-
table for ensemble characterization.

Several interparticle interactions between primary nano-
particles contribute to the self-assembly of supraparticles,
including attractive van der Waals, repulsive electrostatic,
and repulsive steric interactions. We calculated the pairwise
interparticle interaction energy (U) between primary nano-
crystals in DI water (Up;), 1 M TBA (Urga), and 1 M TBA with
1 mM SC (Urga, sc)- In this model, primary nanoparticles
interacted by attractive van der Waals interactions in DI
water, by van der Waals and steric interactions between
capping ligands in 1 M TBA, and by van der Waals, steric,
and repulsive electrostatic interactions in 1 M TBA and
1 mM SC. The pairwise interparticle interaction energies as a
function of surface-to-surface separation, S, for each syn-
thesis condition are plotted in Fig. 5a (see calculation details
in ESIf). In the absence of TBA, a purely attractive van der
Waals interaction >1kgT (kg7 = room temperature thermal
energy) at interparticle separations <1 nm (Fig. 5a, red curve)
was computed, consistent with irreversible adhesion and
aggregation of nanoparticles upon attachment. In this case,
primary nanoparticles attached irreversibly with bond ener-
gies >kgT, preventing positional annealing by surface
diffusion and forming disordered supraparticles (¢f Fig. 2d).
With TBA present, binding of capping ligands to the primary
particles created short ranged steric repulsive interactions
that prevented irreversible aggregation and facilitated for-
mation of close packed and sometimes crystalline structures.
The balance of steric and van der Waals interactions created
a shallow potential well of about 0.2kgT at a separation of
~2 nm (Fig. 5a, inset). The calculated attractive energy is in
the expected range for self-assembly of nanoparticle superlat-
tices.>® The van der Waals attraction is balanced by short
ranged repulsion due to steric interactions between adsorbed
capping ligand, enabling nanoparticles to remain mobile
after attaching to the supraparticle.®® Short ranged weak
attraction balanced by steric repulsion enabled attaching
nanocrystals to move by thermally activated surface diffusion
or undergo multiple attachments and detachments to find
high coordination binding positions.>* Adding SC to the
solution created a long ranged (~10 nm) electrostatic repul-
sion that prevented nanocrystals from closely approaching

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Interparticle interaction model demonstrates sub-kgT attractive
potentials underly primary particle assembly in the presence of TBA and
enable rapid surface diffusion of primary particles. (a) The pairwise inter-
action potential energy as a function of surface-to-surface separation
(S) between two 3 nm diameter platinum nanocrystals in solution. Up,
(red curve) corresponds to DI water only, Urga corresponds to TBA in DI
water, and Urga, sc (Mmagenta curve) corresponds to TBA and SC in DI
water. (b) Schematic showing the overall proposed mechanism for plati-
num supraparticle formation in the presence of TBA.

each other, leading to stable colloidal nanoparticles (Fig. 5a,
magenta curve).

Fig. 5b summarizes the proposed formation mechanism of
densely packed platinum supraparticles during nanoparticle
synthesis in the presence of TBA. Primary nanocrystals
nucleated homogeneously and grew to 2-3 nm after which
they were capped by TBA and its radiolysis products.
Supraparticles nucleated on the silicon nitride membrane and
grew to sizes of 30-100 nm by primary particle attachment fol-
lowing a diffusion limited growth mechanism. The arrival
period, ie. the inverse of the attachment rate, of primary
nanoparticles to the supraparticles ranged from 10-100 ms
per particle (Fig. 4c). Primary particles weakly bound to the
supraparticle surface by sub-kg7-scale attractive forces, allow-
ing them to undergo rapid surface diffusion to search for and
bind to high coordination positions.>® Prior estimates of

Nanoscale, 2022,14, 312-319 | 317
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surface diffusion coefficients for silicon nanocrystals with
similar size and interparticle interaction energies as shown in
Fig. 5a were estimated to be on the order of Dgyrface ~
107" m”* s7".*° A scaling estimate of the diffusive time scale
for nanocrystal surface diffusion across a 50 nm supraparticle

A supra’
—P¥_ . 50ps, significantly shorter than the

surface
10-100 ms arrival period of nanocrystals to the supraparticle

surface. This scaling analysis indicates that each primary
nanocrystal rapidly traversed the supraparticle surface many
times prior to arrival of the next nanocrystal, enabling unim-
peded discovery of high coordination bonding sites. In the
context of prior observations of rapid superlattice formation,
the large nanocrystal surface diffusion rate compared to the
primary particle attachment rate demonstrates that a classical
thermal diffusion annealing process enabled close packing of
primary particles. Further, the spherical and faceted shapes of
the supraparticles suggests surface energy minimization by
primary particle surface diffusion occurred during self-assem-
bly. A key take away here is that while the growth rate of the
supraparticles was large and diffusion limited, the surface
diffusion rate was several orders of magnitude larger, enabling
formation of close packed supraparticles.

To conclude, we investigated the rapid assembly of small
platinum nanocrystals into supraparticles during their syn-
thesis utilizing LP-TEM. Aqueous platinum complexes were
reduced by the electron beam and 2-3 nm primary nanocrys-
tals homogeneously nucleated in solution, followed by their
self-assembly into 3D supraparticles over tens of seconds.
Primary nanocrystals stopped growing after assembly due to
various factors, including but not limited to capping by TBA
and its radiolysis products. Measurements of single supraparti-
cle growth kinetics showed the growth was limited by diffusion
of primary particles to the supraparticle surface. An interparti-
cle interaction model revealed that van der Waals attraction
was balanced by repulsive steric interactions, which resulted in
weak interparticle attraction that allowed nanoparticle position
annealing by rapid primary nanocrystal surface diffusion. This
indicates the balance between nanocrystal surface diffusion
and growth kinetics is a key factor to be considered in the
rational design of rapid superlattice and supraparticle fabrica-
tion methods.
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