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Report:

We performed GI-SAXS/WAXS measurements on the oriented attachment of colloidal PbSe nanocrystals
(~5nm diameter) into atomically coherent supercrystals at the toluene-air interface [1,2]. For the experiments
we used a large area teflon cell in which 28 mL of immiscible liquid ethylene glycol (EG) was loaded. We
also added various amounts of oleic acid to EG. On top of this substrate we deposited 1 mL of the
nanocrystals in toluene. Self-organization and oriented attachment was induced by evaporation of the toluene
at room temperature; the ligands which stabilize the quantum dots in solution are gently stripped of and are
dissolved in the EG substrate. This exposes the reactive nanocrystal facets which allows for bond formation
between the nanocrystals. Complete evaporation of the toluene took approximately 60 minutes per sample.
The toluene-air interface drops upon toluene evaporation. To keep the setup well-aligned with the X-ray
beam at grazing incidence we adjusted the height of the setup with a moveable stage, which could be
controlled from the hutch. With this method we were able to follow the nancrystal oriented attachment at the
toluene-air interface until complete evaporation of the toluene solvent.

The goal of our experiment was to follow the attachment process in-situ. We proposed a model that consists
out of (i) self assembly of the quantum dots in a 2D monolayer, (ii) stripping of the nanocrystals from their
ligands, (iii) decrease of the nanocrystal-nanocrystal distance followed by attachment into a supercrystal. The
most fascinating structure is the honeycomb supercrystal, which has its” constituent particles in two different
planes of height. We are currently still trying to explain this peculiar phenomenom.

During this experiment we used a bright and narrow beam of X-rays with a photon energy of 20.7 keV to
probe the liquid air surface. The SAXS pattern was recorded simultaneously with the WAXS signal, which
allowed us to follow not only dynamics on the nanoparticle scale, but also follow the atomic alignment of
particles. We have been able to follow these dynamics for a supercrystal with square geometry; we observed
particle ordening, shrinking of the superstructure (by removal of ligands) while atomic order started to appear
and was preserved throughout the shinking process. We are currently working on more elaborate data-
analysis, such as following the peak-width over time and analysis the WAXS data in more detail.



To illustrate the obtained results so far, in figure 1a-d we show the evolution of the SAXS pattern over time.
The whole experiment was done over a timespan of 2 hours which equals 356 frames. The data obtained was
quite noisy; the particles sustained beamdamage and we observed visually the presence of floating patches,
which resulted in a “flickering’ of the signal. After approximately 5 minutes we observe two bragg rods in
figure 1b, at qy = 0.93 nm™ which proves that we have an in-plane structure with a periodicity of a = 6.8 nm.
We attribute this to a monolayer of particles which are separated by interdigitated oleic acid ligands. Over
time more peaks appear, as can be seen in figure 1b-d, which can be ascribed to a combination of an
hexagonal ordening combined with a square ordening of particles;

The ratio of g, : g, : g, =1: % : 2 is consistent with a mixture of patches with two different geometries,

namely square and HCP, which are both indicated in figure 1g.
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Figure 1: (A-D) evolution of SAXS and WAXS patterns over time. (E) integrated intensity of one of the
SAXS patterns, indicating the peak positions and names by color. The data >1.6 nm™ was multiplied
by 20 for clarity. (G) side and topview of the obtained structures.

Figure 1e shows one of the SAXS patterns which is integrated over 10 g, pixels above the horizon. By fitting
all the peaks with guassians, the relative position, intensity and FWHM can be determined. Figure 1f shows
the results of the peak position followed over time. The data is noisy, due to beam damage and the presence
of floating patches. The interparticle distance decreases over time by a lengthscale that corresponds to
interdigitated oleic acid ligands. Moreover, as can be seen from the WAXS data, atomic order is preserved
throughout this shrinking process.

We conclude that the nanocrystal attachment occurs via a self-organization process; the particles order
themselves on the liquid-air surface, align themselves atomically and approach while the ligands get stripped
of and nanocrystal-nanocrystal bonds are formed. We have combined this data with ex-situ and in-situ TEM
studies of the formation of the square supercrystals. New insights can be obtained from the results of the



presented experiment, which are currently being analyzed in more detail. A publication based on these data is
targeted.
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