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Nanocrystal synthesis:
1. Cadmium selenide nanocrystals

Materials: All reagents are purchased from Sigma-Aldrich and are used as received.1-Octadecene
(ODE, technical grade), oleic acid (OA, technical grade), CdO (>99.99% trace metals basis),
selenium (powder ~100 mesh, 99.99% trace metals basis), trioctylphosphine (TOP), hexane
(reagent grade), and ethanol (200 proof, reagent grade).

Summary: CdSe nanocrystals were synthesized according to the recipe from Chernomordik et al.*
with minor modifications. A brief description of the synthetic approach follows below.
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Precursor preparation: A 1 M TOP:Se complex is made by stirring 0.790 g (10 mmol) of Se
powder in 10 mL of TOP in a nitrogen-filled glovebox for overnight. All of the Se powder should
be dissolved to form a transparent, yellow-tinted solution before use in the synthesis. Prior to
synthesis, 3 mL of the 1 M TOP:Se is mixed with 7 mL of ODE and loaded into a glass syringe
placed in a syringe pump set for a rate of 10 mL/hour.

The cadmium oleate precursor solution is prepared by mixing 0.512 g of CdO, 6.28 g of OA, and
25 g of ODE (32 mL) in a 100 mL round-bottom flask. While stirring, the reagents are degassed
at 100 °C for one hour. Afterwards, the flask atmosphere is switched to nitrogen and the
temperature is raised to 260 °C. The temperature is held constant until the color of the mixture
changes from dark-red to colorless, indicating the formation of cadmium oleate. Subsequently, the
temperature was dropped to 100 °C and the flask was placed under vacuum for 30 minutes. This
is done to remove the water produced during the reaction. After switching the atmosphere again
to nitrogen, the temperature was raised to 260 °C.

Meanwhile, 0.063 g (0.8 mmol) of Se powder is added to 5 mL of ODE and sonicated for 20 min.

Nanocrystal synthesis: The Se/ODE mixture is injected at 260 °C by using a 22 mL plastic
syringe equipped with a 16 G needle. Immediately thereafter, the temperature controller is set to
240 °C. After 60 seconds from injection, the TOPSe/ODE solution is added dropwise at a rate of
10 mL/hour. After 60 minutes, the reaction is quenched by removing the heating mantle and
dropping the flask in a container full of water at room-temperature. Note: the 1 hour time yields
the nanocrystals with the lowest polydispersity. The reaction mixture is split into enough 50 mL
centrifuge tubes such that there is ~5 mL of mixture in each tube. Approximately 20 mL of hexane
is added to each tube and each tube is then capped and vortexed. 25 mL of ethanol is added to each
tube, and the tubes are centrifuged at 8000 g for 5 min. Often, this first precipitation results in a
slightly colored supernatant and it is discarded while keeping the precipitated QDs. The QD
product is washed twice more by dispersing each QD precipitate in 10 mL of hexane, and then
precipitating with an equal volume of ethanol. After the final wash, the QD product is dispersed
into hexanes at 50 mg/mL and filtered by using a 200 nm PTFE or PVDF syringe filter. Note: in
absence of 200 proof ethanol, we suggest using a mixture of 3/1 isopropanol/ethanol.

Size separation: No size separation was applied to these nanocrystals.

2. Lead sulfide nanocrystals

Materials: 1-Octadecene (ODE, technical grade, Acros Organics), oleic acid (OA, technical
grade, Sigma Aldrich), oleylamine (technical grade, Sigma Aldrich), PbO (99.9+% trace metals
basis, Acros Organics), PbCl> (99.999%, Alfa Aesar), hexamethyldisilathiane ((TMS).S, synthesis
grade, Sigma Aldrich), hexanes (certified ACS, Fisher), and acetone (certified ACS, Fisher).

Summary: PbS nanocrystals were synthesized according to the recipe from Voznyy et al.? with
minor modifications. A brief description of the synthetic approach follows below.

Precursor preparation: In a 250 mL round-bottom flask, 9.0 g of PbO, 30 mL of oleic acid, and
60 mL of 1-octadecene were mixed and stirred at 110 °C overnight under a vacuum of 10 Torr.

S2



Meanwhile, in the glove box, 210 pL of (TMS).S were added to 8 mL of dried 1-octadecene.
Separately, a 0.3 mM solution of PbCl in oleylamine was prepared by at 80 °C under vacuum.

Nanocrystal synthesis: 17.7 mL of lead oleate precursor were added to 15 mL of ODE, and
degassed at 100 °C for one hour. After changing the atmosphere to nitrogen, the flask was allowed
to cool to ~50 °C, followed by slow heating to 110 °C. Once the target temperature is reached the
(TMS).S/ODE solution was swiftly injected into the flask by using a 22 mL plastic syringe
equipped with a 16 G needle. After 10 minutes, the heating mantle is turned off and the flask is
allowed to cool naturally. 1 mL of the PbClz/oleylamine solution was injected into the flask when
the whole mixture cooled to 60 °C. The flask was allowed to cool naturally to room temperature.
The synthetic mixture was split in 50 mL centrifuge tubes, and acetone was added to achieve a
volume ratio of 1:1. The cloudy dispersion was centrifuged at 8000 g for 3 minutes and the
supernatant was discarded. The nanocrystals were dissolved in toluene and the precipitation with
acetone was repeated twice. The nanocrystals were redispersed into hexanes at 50-100 mg/mL and
filtered by using a 200 nm PTFE or PVDF syringe filter.

Size separation: No size separation was applied to these nanocrystals.

3. Iron oxide nanocrystals

Materials: Iron(l11) chloride hexahydrate (FeCls - 6H20, 97%), oleic acid (technical grade,
90%), and sodium oleate (>97%) were purchased from Sigma Aldrich. 1-octadecene (technical
grade, 90%) was purchased from Acros Organics.

Summary: Spherical iron oxide nanocrystals (NCs) approximately 10 nm in diameter were
synthesized via thermal decomposition of an iron-oleate precursor which acts as a growth source.
The synthesis was adapted from Park et al.> and modified from Yun et al.* The iron oleate
precursor is prepared in-house by reacting iron chloride and sodium-oleate. The synthesis is
relatively robust and repeatable and is tailored to yield a reasonably monodisperse sample directly
from synthesis. A careful size selection process is used to further improve the monodispersity
post-synthesis. The FesOs NCs that are produced have a cubic spinel structure and display
superparamagnetic behavior. It has been reported that the surface can become slightly oxidized to
v-Fe,0s if exposed to air over time.®> The NC surface is passivated with oleic acid (OA) ligands
from synthesis.

Preparation of iron oleate: The first step is to prepare the iron oleate precursor. 21.6 g of iron(I11)
chloride hexahydrate, 73.0 g of sodium oleate, 80 mL of DI water, 80 mL of ethanol, and 160 mL
of hexane were added to a 500 mL flask. The mixture was heated to 60°C while stirring with a
stir bar and refluxed for 4 hours. The dark red iron oleate precursor is then washed with DI water
three times in a conical separation flask. In the first step, ~200 mL of DI water is added, and the
solution is vigorously mixed, then let to sit and phase separate, removing the denser phase from
the bottom of the flask and keeping the dark red-brown phase. This process is repeated two more
times with fresh DI water, and ~50 to 100 mL of hexane is added during the second washing step
to help drive phase separation. The water was removed as best as possible from the separation
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flask, and the precursor was transferred to a glass container and dried in a vacuum oven overnight
at 80°C to form a viscous wax-like solid.

Nanocrystal synthesis: The NCs were synthesized by mixing 7.2 g of the iron oleate precursor,
1.25 mL oleic acid, and 20 mL of 1-octadecene in a three-neck flask. The flask was placed under
vacuum and the mixture was heated to 110 °C for 60 minutes, then placed under nitrogen and
quickly heated to 310 °C at a rate of ~3°C/min and allowed to react at this temperature for 30
minutes. The heating mantle was removed, and the reaction vessel was cooled naturally in air to
~160°C, then quenched to room temperature using a water bath. The reaction material was purified
using three washing steps. In step one, the reaction contents were divided evenly into four 50 mL
centrifuge tubes (~5 mL of reaction material in each) and 5 mL of toluene was added to each tube.
40 mL of acetone was added as the antisolvent to make a 1:4 sample:acetone mixture, and the
tubes were centrifuged at 9000 g for 5 minutes. The supernatant was discarded, 5 mL of toluene
was added to each to redisperse the precipitated material, and the material from four tubes was
combined into two tubes, leaving 10 mL of the NC dispersion in each. 10 mL of ethanol and 30
mL of isopropyl alcohol were added to each tube to make a 1:1:3 sample:ethanol:IPA mixture,
which was centrifuged at 9000 g for 5 minutes. Again, the supernatant was discarded, and the NC
precipitate was redispersed in 5 mL of toluene for each. The contents were combined into one
tube (10 mL of NC dispersion) and 100 pl of oleic acid was added and mixed into the sample using
a vortex mixer and mild sonication. In the final washing step, 40 mL of acetone was added to
make a 1:4 sample:acetone mixture which was centrifuged at 8000 g for 5 minutes. The
supernatant was discarded, and the precipitate was dried under vacuum into a solid pellet. The
final product was redispersed in 20 mL of toluene for storage in a glass scintillation vial.

Size selection: To further improve sample monodispersity, size selective precipitation was used.
The Fes0s@OA NC dispersion is brought to a concentration of ~15 mg/mL in toluene. The NC
dispersion is placed into a centrifuge tube that is constantly and gently stirred. Ethanol is slowly
added dropwise until the dispersion starts to become cloudy. For 5 mL of sample this usually
occurs when a total of ~1.5 mL of ethanol has been added. The sample is centrifuged at 8000 xg
for 5 minutes. The largest NCs will destabilize and crash out in this first step, leaving the smaller
NCs remaining in solution. The NC solution is poured into another clean centrifuge tube, and the
precipitated NCs are dried under vacuum and redispersed in toluene. This process is repeated on
the remaining NC solution for several steps with increasing ethanol content until all NC material
has been extracted from solution. The first size selection step will have the largest NCs, and the
last step will have the smallest. Inspection of each size selection separation is performed using
TEM, and samples of the same or very similar size may be combined. The largest and smallest
NCs of the original size distribution are removed, yielding a more monodisperse sample, necessary
for high quality NC assembly.

Characterization:

1. Small-angle X-ray scattering: Small angle X-ray scattering patterns concerning Figures
2-4 of the main text were collected using a Pilatus 1M detector at BM26B beamL.ine,
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DUBBEL at ESRF.>® The duration of each measurement was set to 100 seconds. The
sample to detector distance was set to 2.9 meters, achieving a g-range of 0.001 - 4 nm™,
The beam energy was set to 12 keV. The static patterns in Figure 5 of the main text were
collected using a Pilatus 1M detector on a Xeuss 2.0 system (Xenocs). The duration of each
measurement was set to 30 minutes. The sample to detector distance was set to 1.2 m. The
beam energy was set to 8 keV (copper anode). Finally, the kinetic patterns in Figure 5 were
collected at the SMI beamLine at Brookhaven National Laboratory. The integration time
for each measurement was set to 1 second, the beam energy was 16 keV, and the sample
to detector distance was 6.3 meters. In all cases, the g-range was calibrated against silver
behenate standard.
The processing of the SAXS patterns is described in detail in the literature.” In addition,
here we separated the contribution of the crystal to the structure factor from the amorphous
background by subtracting the structure factor of an amorphous sample, from the structure
factor of a sample containing both crystalline and amorphous components. That is:

SCrystal(Q) = Stotar(q) — CSglass(CI)
where ¢ is a constant chosen to match the signal at high q.

2. Scanning electron microscopy: For low-resolution STEM, a Verios XHR SEM (FEI)
microscope was operated at 20-30 kV and 100 pA in transmission mode using a STEM
detector. Bright field and secondary electron images were simultaneously recorded.
Concerning sample preparation, we washed the supercrystal suspension twice in deionized
water and deposited 10 pL of suspension on a carbon-coated copper TEM grid (EMS).

3. Transmission electron microscopy: For low-resolution TEM, a JEOL 1400 microscope
was operated at 120 kV. For high-resolution TEM, a JEOL F200 microscope was operated
at 200 kV. Prior to imaging, we dried the TEM grid under vacuum in a desiccator at 10!
Torr for at least 3 hours. High-resolution TEM was also carried out on a Technai F20 TEM
with field emission gun operating at 200kV. The microscope has a 1.2mm Cs and is
equipped with a Gatan UltranScan 1000P CCD camera. Magnification and focus were
varied in order to yield information about the crystal structure and super structure of the
particle systems.

4. Spectrophotometry: Absorption spectra were measured by using a Lambda 950 (Perkin
Elmer).
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Supporting figures

Figure S1: Representative electron micrographs of the cadmium selenide nanocrystals.
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Figure S3: Representative electron micrograph of the iron oxide nanocrystals, and histogram of the
diameters (inset). The average size is indicate in the format average diameter + standard deviation.
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Figure S4: Electron micrographs (left column) and FFTs (right column) of supercrystals prepared at the
indicated temperatures. The peaks in the FFTs relate to nanocrystal ordering within the supercrystals.
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Figure S5: Electron micrographs (left column) and FFTs (right column) of supercrystals prepared at the
indicated temperatures. The peaks in the FFTs relate to the registry of the nanocrystals’ atomic lattices
within the supercrystals.
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Figure S6: QD supercrystals. (a) Histogram of the diameters of QD supercrystals as determined by the
dark-field STEM micrograph shown in (b). Dark-field STEM (c) and secondary electron (d) micrographs of
a single supercrystal showing supercrystal fringes and surface details, respectively.
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