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Direct Synthesis of CuPd Icosahedra Supercrystals Studied

by In Situ X-Ray Scattering

Davide Derelli, Kilian Frank, Lukas Grote, Federica Mancini, Ann-Christin Dippel,

Olof Gutowski, Bert Nickel,* and Dorota Koziej*

Nanocrystal self-assembly into supercrystals provides a versatile platform for
creating novel materials and devices with tailored properties. While common
self-assembly strategies imply the use of purified nanoparticles after
synthesis, conversion of chemical precursors directly into nanocrystals and
then supercrystals in simple procedures has been rarely reported. Here, the
nucleation and growth of CuPd icosahedra and their consecutive assembly
into large closed-packed face-centered cubic (fcc) supercrystals are studied. To
this end, the study simultaneously and in situ measures X-ray total scattering
with pair distribution function analysis (TS-PDF) and small-angle X-ray
scattering (SAXS). It is found that the supercrystals’ formation is preceded by
an intermediate dense phase of hanocrystals displaying short-range order
(SRO). It is further shown that the organization of oleic acid/oleylamine
surfactants into lamellar structures likely drives the emergence of the SRO
phase and later of the supercrystals by reducing the volume accessible to
particle diffusion. The supercrystals’ formation as well as their disassembly
are triggered by temperature. The study demonstrates that ordering of solvent
molecules can be crucial in the direct synthesis of supercrystals. The study
also provides a general approach to investigate novel preparation routes of
supercrystals in situ and across several length scales via X-ray scattering.

of nanocrystals into crystalline lattices con-
stitutes a promising bottom-up route to
such metamaterials, as it permits to tune
the functional emergent properties of the
outcoming supercrystals via engineering of
the individual building blocks.l®] While re-
cent improvements in the field of colloidal
synthesis provide a high level of control of
nanocrystal size, shape, and composition,!’]
most synthetic schemes do not directly
deliver supercrystals. Self-assembly proce-
dures typically require several purification
steps of the nanocrystal product and further
rely on slow solvent evaporation or destabi-
lization of the nanocrystal dispersion over
a time up to many hours or days.[®#! Only
few reports demonstrate the direct conver-
sion of molecular precursors into super-
crystals via a one-pot strategy.”) In these
studies, the formation of the ordered super-
structures is primarily ascribed to the at-
tractive van der Waals forces affecting the
nanocrystal cores, balanced by the steric re-

1. Introduction

The production of hierarchically structured materials is driving
many recent advances in the fields of photonics,!! electronics,?!
catalysis,l’l sensing,* and nanomedicine.’! The self-assembly

pulsion of the organic surface ligands.[
Moreover, the mixtures of different ligands
determine the degree of crystallinity and the
symmetry of Pd-based supercrystals.”’! Yet, the dynamical
processes governing the concerted nanocrystal synthesis
and supercrystal formation remain underexplored. For in-
stance, the role of the solvent molecules and ligand shells!!!]
and the existence of intermediate states due to potential
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Figure 1. Schematic illustration of the simultaneous in situ TS-PDF and SAXS experiment and overview of the main findings. A reaction mixture con-
taining the Cu and Pd precursors is stirred during temperature ramps. The X-ray TS and SAXS signal of the reaction mixture is recorded simultaneously
by two large-area detectors. Metallic CuPd icosahedra nucleate from the molecular precursors and subsequently assemble into colloidal supercrystals

with a fcc arrangement.

non-classical crystallization pathways!®*'?] for the supercrystals
are still largely unknown.

Here, we use high energy X-ray scattering techniques to ob-
tain insights into the nanocrystal formation and assembly over
multiple length scales. In situ X-ray scattering has proven to be
an outstanding method to probe nanoparticle formation'?l and
self-assembly processes.?**] The simultaneous measurement of
X-ray total scattering with pair distribution function analysis (T'S-
PDF) and small-angle X-ray scattering (SAXS) in a single experi-
mental setup enables us to observe both the nucleation of CuPd
icosahedra and their subsequent arrangement into close-packed
supercrystals, as summarized in Figure 1. Our study reveals that
the solvent molecules, particularly oleylamine and oleic acid, play
a double role in the synthetic and assembly steps. During syn-
thesis at elevated temperatures, they create a soft organic shell
that envelops the metallic icosahedral cores and prevent aggre-
gation and fusion of the nanocrystals within the isotropic sol-
vent. Upon cooling to lower temperatures, solvent molecules ar-
range into a lamellar phase which induces the nanocrystals’ self-
assembly. First, nanocrystals assemble in a dense short-range or-
dered (SRO) phase, then the supercrystals emerge. The structur-
ing of the solvent molecules effectively promotes the assembly
process by reducing the accessible volume to particle diffusion.
We therefore identify a generic mechanism for the one-pot for-
mation of supercrystals mainly driven by entropic forces.

2. Results and Discussion

We synthesize CuPd nanocrystals by heating copper and palla-
dium acetylacetonate precursor in a solvent mixture consisting of
oleylamine, oleic acid, and dioctyl ether to 220 °C at 10 °C/min.
The details of the in situ experimental setup are shown in Figures
S1 and S2 (Supporting Information).['>] Figure 2 exhibits the
in situ TS-PDF and SAXS data collected simultaneously during
the colloidal synthesis. In the background subtracted TS data,
broad diffraction peaks appear within two minutes after reach-
ing 220 °C, indicating the fast formation of small nanocrystals
(Figure S3, Supporting Information). We Fourier transform the
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TS signal to obtain the pair distribution function G(r) shown in
Figure 2b,d and Figures S4 and S5 (Supporting Information). At
room temperature, the PDF exhibits an intense peak at 2.01 A1,
This distance is significantly longer than the metal-oxygen bond
length in the Cu or Pd acetylacetonate precursors and hints at
the formation of amine coordinated complexes of Cu?** and Pd?*
cations upon dissolution, in agreement with previous reports.!1¢!
Upon heating of the reaction mixture, the evolution of the PDF
indicates a rapid nucleation and growth of CuPd nanocrystals of
~3 nm in size. After 5 min at elevated temperature, no further
changes are observed in the PDF, suggesting that the nanocrystal
synthesis is completed. At low temperatures, the complementary
SAXS data in Figure 2c,e displays a broad peak at 0.24 A~! which
stems from the metallic complexes in solution. About 95 s after
reaching the reaction temperature of 220 °C, we observe a dra-
matic increase in the intensity at low scattering vector q, which
identifies the emergence of nanometer-sized particles followed
Dby particle growth, in line with the PDF analysis.

2.1. Atomic Structure of the Inorganic Nanocrystal Cores

We analyze the PDF signal at a late stage of the synthesis (t =
10 min) to determine the atomic structure and dimensions of the
inorganic nanocrystals. We first model the PDF data by means
of the well-established attenuated crystal (AC) approximation,
which assumes the nanocrystals are single-crystalline spheres.
However, this model provides a poor fit to the experimental data,
both in the case of bulk CuPd alloys (space group Fm-3m, Figure
S6a,b, Supporting Information) and cubic or tetragonal inter-
metallic phases (space group Pm-3m and P4/mmm respectively,
Figure S6c¢,d, Supporting Information).

To capture the structural features encoded in the PDF, we
clearly need to extend the candidate structures beyond single-
crystalline, spherical models. We thus generate many discrete
atomic models of various sizes and atomic arrangements, and
we then test them individually against the experimental PDF.
This approach is referred to as cluster mining and was recently

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Simultaneous in situ PDF and SAXS during CuPd nanocrystal formation. a) Temperature profile during the synthesis of CuPd nanocrystals.
At time = 0 min the reaction temperature of 220 °C is reached. b) 2D plot of the PDF as a function of time. The signal of the empty in situ reactor was
subtracted as a background. The corresponding 1D plots are shown in (d). c) 2D plot of the SAXS intensity as a function of time. The corresponding 1D

plots are shown in (e).

established for the PDF analysis of monometallic nanocrystal
powders.['” Here, we apply it for the first time to the analysis of
in situ data, i.e., during synthesis. We consider various structural
motifs displaying either single-crystalline domains (spheres, oc-
tahedra, and truncated octahedra), or fivefold twin boundaries
(decahedrons and icosahedrons). We build alloyed CuPd mod-
els by fixing the Cu:Pd atomic ratio to 60:40, as determined by
transmission electron microscopy-with energy dispersive X-ray
spectroscopy (TEM-EDX) measurements on the final nanocrys-
tals (Figure S7, Supporting Information).

We quantify the goodness-of-fit provided by each cluster model
by means of weighted residual error (R,,) values, which we sum-
marize in Figures 3a and S8 (Supporting Information). The best
fit for each structural motif is shown in Figure 3b,c and Figure
S9 (Supporting Information). The decahedral model provides an
excellent fit at short atomic pair distances, but at longer distances
results in weak, non-random oscillations in the differential curve,
which indicate that the model does not fully capture the nanocrys-
tal structure. It also predicts particles with a maximal axial size of
1.6 nm and a diameter of 2.1 nm, which are much smaller com-
pared to the sizes revealed by TEM (Figure S10, Supporting Infor-
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mation). Conversely, the icosahedral model predicts nanocrystal
sizes of 3.2 nm, in line with the TEM analysis. High-resolution
transmission electron microscopy (HRTEM) measurements fur-
ther evidence the presence of the twinned, icosahedral nanocrys-
tals as synthetic products (Figure 3e,f; Figure S11, Supporting
Information).1®]

Anicosahedral nanocrystal is made up of 20 face-sharing tetra-
hedra displaying (face-centered cubic) fcc structure. Compared to
the ideal model, we expect the CuPd nanocrystal sample to ex-
hibit a certain degree of heterogeneity due to the presence of,
e.g., point defects, interstitial atoms between the tetrahedral do-
mains, size polydispersity, and inhomogeneous composition or
distribution of the Cu and Pd atoms in the lattice. The summed
contribution of all these structural defects results in very small,
randomized deviations in the averaged atomic arrangement of
the CuPd nanocrystals from the ideal icosahedral configuration
and causes the discrepancy between the experimental and simu-
lated PDF in Figure S9d (Supporting Information). We test this
hypothesis by a Monte Carlo sampling procedure, which allows
minor atomic displacements in the model structure. The relaxed
model perfectly fits the experimental PDF, as shown in Figure 3d,
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Figure 3. Determination of the nanocrystal core structure by PDF and HRTEM. a) Scatter plot of the weighted residual error (R,,) obtained by fitting
the PDF of the final product by discrete atomistic models. The plot displays the best-fitting structures per each of the considered structural motifs. A
yellow frame outlines the fit structures obtained by using a Monte Carlo (MC) routine. b—d) PDF fits for selected structural motifs from a. Blue circles
represent experimental data, red lines the fits, and green lines the residual between experimental and fit PDFs. In the insets, the structural model relative
to each fit is shown. e,f) An HRTEM image of a CuPd nanocrystal (e) is compared to an icosahedral cluster model (f). Yellow lines are guides to the eye
underlining the major structural motifs for both.
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while overall retaining the icosahedral arrangement, see Figure
S12 (Supporting Information). The application of the same rou-
tine to the decahedral model does not significantly improve the
fit (Figure S13, Supporting Information). We therefore conclude
that the CuPd nanocrystal is best described by the icosahedral ar-
rangement, as consistently supported by both EM analysis and
PDF results.

2.2. Evolution of the Nanocrystals during Synthesis

The analysis of the in situ PDF and SAXS data permits to ex-
tract quantitative information from the nucleation and growth of
the CuPd icosahedra. As the nanocrystals grow, the amplitude of
the PDF oscillations increases and the structural features extend
to longer interatomic distances, as shown in Figures 4a and S14
(Supporting Information). We fit the time-dependent in situ PDF
by a series of CuPd icosahedral models of different sizes, which
consist of a varying number of discrete atomic shells Ny ... In ad-
dition, we fit the in situ SAXS intensities by a form factor model
of moderately polydisperse spheres, as shown in Figure 4b.

The particle diameters determined by the two techniques fol-
low a similar trend throughout the reaction time, see Figure 4c.
The particle diameter revealed by SAXS increases smoothly
whereas PDF analysis results in a stepwise increase of the
nanocrystal sizes due to the discrete number of shells in the icosa-
hedral models. While the PDF signal mainly originates from in-
teratomic distances limited to the nanocrystal inorganic cores,
SAXS intensities are also partly sensitive to the presence of a
soft shell of organic ligands surrounding the nanocrystal sur-
face. Since the shell consists of highly packed organic molecules,
it displays a higher electron density compared with the bulk
isotropic solvent. Modeling the SAXS signal via a simple sphere
model thus systematically overestimates the particle diameters
compared with the PDF values. When we model the colloidal
nanocrystals as high-scattering contrast cores surrounded by a
decaying scattering contrast shell, the core sizes provided by
SAXS and PDF analysis closely agree (Figure S15 and Table
S1, Supporting Information). Fourier-transformed infrared spec-
troscopy (FTIR, Figure S16, Supporting Information) further
confirms the presence of an organic shell of oleylamine and oleic
acid ligands surrounding the CuPd nanocrystal cores.[?]

After ~5 min at 220 °C, the formation of the CuPd icosahedra
is completed, and the scale factor of the PDF fit reaches a plateau,
as shown in Figure 4d. At this stage, the nanocrystal polydisper-
sity is constant at 13.5%. An overview on nucleation and growth
of CuPd icosahedra, combining the findings from the simultane-
ous in situ PDF and SAXS analysis is given in Figure 4e.

2.3. Directed Self-Assembly of CuPd Icosahedra

We direct the self-assembly of CuPd icosahedra into supercrystals
by lowering the reaction temperature after synthesis and we mon-
itor the process by in situ SAXS. Figure 5a displays representative
1D SAXS patterns acquired at different times during the cool-
ing of the reaction mixture. Directly after synthesis and at high
temperature, the form factor of the freely dispersed nanocrystals
dominates the SAXS signal. Upon cooling, we observe the grad-
ual emergence of intense diffraction peaks, which indicate the
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formation of a crystalline superlattice with a close-packed fcc ar-
rangement and a lattice constant of 10.24 nm (Figure 5a; Figure
S17, Supporting Information).

Before supercrystal formation, we observe the appearance of
peaks in the SAXS intensity at 0.16 and 0.32 A~! which indicate
the emergence of a lamellar phase with a repeating unit size of
3.9 nm, as shown in Figure 5a and Figures S17 and S18 (Support-
ing Information). The size is characteristic of bilayer structures
of oleic acid/oleylamine solvent molecules.?”! Furthermore, we
observe the presence of a short-range ordered (SRO) phase of
CuPd nanocrystals with a typical interparticle distance of ca. 8-
9nm, i.e., wider than the nanocrystal core diameter (3.2 nm) plus
a shell of fully extended oleic acid/oleylamine molecules (4 nm).

We calculate the Porod invariant Q from the SAXS intensity
(see Experimental Section) for each of the four phases (free parti-
cles, solvent lamellae, SRO phase, and supercrystals) to quantify
their respective volume fractions during cooling of the reaction
mixture. The time-resolved evolution of the Porod invariants is
reported in Figure 5b. The formation of the solvent lamellae dur-
ing the cooling ramp starts at ~#130 °C and is immediately fol-
lowed by the slow emergence of the SRO phase. Extended an-
nealing at 100 °C for 30 min promotes a continuous growth of
the SRO phase and eventually the formation of the supercrys-
tals. The supercrystal nucleation occurs homogeneously within
the solvent, as revealed by the isotropic diffraction rings in the
SAXS pattern shown in the inset of Figure 5a. After nucleation,
the supercrystals rapidly grow above 100 nm in only 15 min, see
Figure S19 (Supporting Information). We therefore detect an as-
sembly process that is much faster than common self-assembly
procedures of colloidal nanocrystals.

2.4. Mechanism of the Supercrystal Formation

Increasing the particle density by, e.g., solvent evaporation
is a common strategy to induce the assembly of colloidal
crystals.l®?l] In freezing-induced self-assembly methods, the
crystallization of the solvent and the subsequent expulsion and
aggregation of solutes constitute the driving force of the assembly
process.[?2] Here, we show that cooling of the surfactant-rich re-
action mixture induces the formation of solvent lamellae, which
in turn promotes the emergence of the SRO phase and finally
of the supercrystals. Additionally, Figure S20 (Supporting Infor-
mation) shows the SAXS data after heating up and then cooling
down the solvent mixture in the absence of the Cu and Pd pre-
cursors. During the process, we observe the formation of lamel-
lae with a repeating unit size of 3.84 nm, i.e., very close to the
one determined in the presence of the nanocrystals. This result
suggests that the organization of the solvent molecules into the
lamellar phase coincides with a simultaneous segregation of the
nanocrystals, which accumulate into particle-dense subphases.
We thus observe the emergence of a particle-dense SRO phase.
As the solvent lamellae rearrange over time, a growing number of
nanocrystals segregate from the lamellar phase into a restricted
environment. We accordingly determine a decrease in the frac-
tion of freely dispersed nanocrystals. During the process, the typ-
ical interparticle distance of the SRO phase progressively reduces
from 9.2 nm to 8.1 nm, as shown in Figure S21 (Supporting In-
formation). The SRO finally evolves into the fcc arrangement,

© 2024 The Authors. Small published by Wiley-VCH GmbH
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of fcc arrangement and of shorter interparticle distance (e).

which allows to maximize the nanocrystals packing density in  cent nanocrystals in the superlattice partially interpenetrate, re-
the reduced volume. We therefore conclude that the supercrys-  sulting in a shorter surface-to-surface separation than the thick-
tals’ nucleation occurs via a two-step process in which the for-  ness of the two shells. For example, a 1.95 nm separation was ob-
mation of an amorphous dense phase precedes the nanocrystal  served for superlattices of 6 nm Pd nanocrystals capped with oleic
crystallization.[°4122] The overall self-assembly mechanism is il-  acid, and a 3 nm separation is predicted for identical particles of
lustrated in Figure 5c—e. 3 nm in size at 503K.I°®! However, in this work we find a larger

Previous studies suggest that a competition of long-ranged van  surface-to-surface separation within the supercrystals of 4 nm
der Waals attractive forces and short-ranged steric repulsion is  (see Experimental Section) corresponding to twice the length of
crucial for the direct synthesis of colloidal supercrystals. In the  a fully extended oleylamine/oleic acid molecule. The result in-
presence of core-core attraction, the soft shells stabilizing adja-  dicates that no interpenetration of the organic shells between
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adjacent nanocrystals is present. Moreover, it suggests that attrac-
tive forces between the metal cores are rather weak.

We confirm our observation by calculating the effect of the van
der Waals attraction and steric repulsion between 3 nm CuPd
nanocrystals in presence of surface ligands. In Figure S22 (Sup-
porting Information), the resulting pair-wise potential displays
a very shallow minimum located at a 3.9 nm surface-to-surface
separation of —0.02 kT, i.e., much smaller than the kinetic en-
ergy of the nanocrystals. We therefore conclude that long-ranged
van der Waals attraction alone is too weak to drive freely dis-
persed nanocrystals to assemble. Instead, we propose that the
lamellar formation and the subsequent nanocrystal segregation
likely act as an initiator of the self-assembly process by limiting
the available volume to nanocrystal diffusion. At increased par-
ticle density, the crystallization of CuPd icosahedra leads to an
overall increase in the total entropy of the system, in analogy to
hard spheres.[?)] In fact, diluting a dispersion of the supercrystals
at room temperature with either polar or apolar solvents leads
to the immediate disruption of the crystalline order due to a de-
crease of the local particle volume fraction, as shown by SAXS in
Figure S23 (Supporting Information). Although the result does
not exclude the existence of short-range attractive forces, such as
core-core or ligand-ligand interactions, within the supercrystals,
it nevertheless indicates that these interactions are rather weak,
even at short interparticle distances. We therefore conclude that
interparticle attractions play only a minor role in the observed
assembly process.

We demonstrate that the supercrystals disassemble and sub-
sequently re-assemble upon increasing and then decreasing the
temperature of the dispersion between 200 and 110 °C, as shown
in Figure S24 (Supporting Information). During the heating, the
supercrystals melt first while decomposition of the SRO phase
unfolds at higher temperatures. Upon cooling, the emergence of
the SRO phase precedes the supercrystal formation, as observed
before. In situ PDF shows that the structure of the icosahedral in-
organic cores is unaffected by both the melting and re-assembly,
as evidenced in Figure S25 (Supporting Information).

In Figure 6 we offer a schematic illustration of the direct syn-
thesis and assembly of CuPd icosahedra, as determined by simul-
taneous in situ PDF and SAXS.

3. Conclusion

In summary, we determine the mechanisms leading to the direct
synthesis and assembly of CuPd icosahedra into supercrystals in
the presence of oleylamine and oleic acid. The simultaneous ac-
quisition of in situ TS-PDF and SAXS allows us to follow the
entire process from the atomic to the nanometer length scales.
By in situ PDF, we obtain a precise description of the icosahe-
dral structure of the metallic cores, which permits to track the
growth of the nanocrystals and determine their size with a high
degree of accuracy. During the formation of the icosahedra, oley-
lamine and oleic acid form a soft shell around the metallic cores
that stabilizes the dispersion from aggregation. We show by in
situ SAXS that upon cooling of the reaction mixture first a short-
range ordered phase forms, which then converts into a crystalline
fce superlattice. We demonstrate that the assembly process is pri-
marily driven by the organization of the oleylamine/oleic acid sol-
vent molecules into lamellae which in turn induce the colloidal
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Figure 6. Schematic illustration of the synthesis of CuPd icosahedra and
of the temperature-mediated melting and recrystallization of the super-
crystals.

nanocrystals to segregate into dense subphases. The proposed
mechanism contrasts with previous examples of one-pot synthe-
sis and assembly of nanocrystals, in which the assembly process
was predominantly attributed to van der Waals attraction and
short-range steric repulsion. Finally, we show that the structure
of the inorganic cores remains unaltered during the temperature-
mediated melting and reassembly of the supercrystals.

This work identifies a new strategy toward the direct synthesis
of colloidal supercrystals based on segregation of the as-formed
nanocrystals from an ordering solvent. It also provides a general
approach to investigate complex colloidal self-assembly processes
by in situ scattering methods. While PDF provides a detailed de-
scription of the nanocrystal atomic arrangement, SAXS is ideally
suited to probe periodic organizations at the nanoscale, such as
nanocrystal dense phases, superlattices, and lamellar phases. The
combined use of the two techniques thus constitutes a powerful
tool to investigate in situ the preparation of hierarchically struc-
tured functional materials by novel and facile one-pot fabrication
routes.

4. Experimental Section

Chemicals:  Ethanol absolute (AnalR Normapur, VWR Chemicals),
toluene (Emsure, Merk), copper acetylacetonate (Cu(acac),, >99.9%
Sigma-Aldrich), palladium acetylacetonate (Pd(acac),, 99% Sigma-
Aldrich), oleylamine (OAm, 99% Sigma-Aldrich), oleic acid (OAc, > 99.0%,
TCl), dioctyl ether (Oct,O, 99% Sigma-Aldrich), hexane (>99%, Sigma-
Aldrich) were used as purchased without further purification.

Synthesis and Assembly of CuPd Nanocrystals: In a typical synthe-
sis, a stock solution of the nanocrystal precursors was prepared in an
argon-filled glovebox by dissolving Pd(acac), (77.6 mg, 0.253 mmol) and
Cu(acac), (123.1 mg, 0.467 mmol) into a solvent mixture of OAm (3 mL),
OAc (1 mL), and Oct,O (0.8 mL). Around 80 uL of the precursor so-
lution was subsequently transferred into a thin-walled borosilicate glass
tube, which was sealed air-tight by use of a PEEK liner. The latter was

© 2024 The Authors. Small published by Wiley-VCH GmbH
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accommodated into the in situ reactor, which was heated up to the re-
action temperature of 220 °C at a constant ramp of 10 °C min~' and un-
der stirring. At this temperature, the reaction mixture turned from blue
to red, and finally to black, indicating the formation of nanocrystals. After
30 min at 220 °C, the cell was allowed to cool down naturally either di-
rectly to room temperature or to 100 °C to promote the formation of the
supercrystals. After the synthesis, the nanocrystals were isolated from the
reaction mixture after addition of ethanol (three times in volume) and by
centrifugation. The nanocrystals were then washed at least three times by
centrifugation after dispersion in one aliquot of toluene and subsequent
addition of three aliquots of ethanol.

Material Characterization: The TEM and HRTEM imaging were carried
out on a JEOL JEM-1011 operating at 100 kV and on a JEOL JEM-2200FS
at 200 kV, respectively. EDX measurements were performed by using a
Si(Li) JEOL JED-2300 detector equipped at the JEOL JEM 2200FS. FTIR
spectra were recorded with a Bruker Alpha Il spectrometer.

In Situ Reactor: The custom-made in situ reactor is illustrated in
Figure ST (Supporting Information). It consisted of a metallic body ac-
commodating a sealed cylindrical liner. The metal body was equipped
with a Pt100 temperature sensor (Honeywell) and two cartridge heaters
(24 V, 100 W, Maxiwatt) for temperature control. PEEK (Bieglo) plates
were used to improve the thermal insulation. The liner was made of PEEK
(Bieglo) and permitted to air-tight seal a cylindrical borosilicate reaction
vessel closed on one side (Hilgenberg, diameter 4.1 mm, wall thickness
0.05 mm). The reaction vessel was sealed air-tight within the liner by
a PEEK sealing component and a FPM75 o-ring (Hug-Technik) pressed
against the top side of the liner walls. Stirring of the reaction mixture was
applied by use of a micro-stirrer (Variomag, Thermo Scientific) and a2 mm
magnetic bar (VWR) immersed in the solvent mixture.

Beamline Setup and Data Acquisition: ~ Simultaneous in situ SAXS and
TS measurements were performed at beamline P07 (second experimen-
tal hutch, EH2) at the PETRA III synchrotron facility at DESY, Germany by
using a similar setup as shown in a previous publication.™®! The study
used an X-ray beam of %#103.2 keV and collected X-ray scattering signal at
a frequency of 1 Hz by using two large-area 2D X-ray detectors (Varex XRD
4343CT and Dexela 1512) positioned at a distance of ~0.77 and 4.66 m
from the sample position, respectively. A helium-filled flight tube was used
to reduce the background signal on the SAXS detector. Sample-to-detector
distances were calibrated by use of LaBg and silver behenate powder stan-
dards packed into a T mm polyimide capillary (Detakta) and positioned at
the center of the PEEK liner of the in situ cell. Determination of the back-
ground signal was performed after measurement of an empty borosilicate
reaction vessel and of the reaction mixture, which was heated in situ and
in the absence of the metal precursors. Instrumental parameters for the
TS analysis were obtained after measurement of a silicon powder standard
packed into one of the reaction vessels.

In-House SAXS Measurements: Laboratory SAXS data was recorded at
the SAXS setup at the Soft Condensed Matter chair at LMU Munich. A
Mo microfocus source (4 = 0.71 A) was collimated to a beam size of ca.
1x 1 mm (full width at half maximum). Data were recorded using a Pila-
tus3R 300K detector (Dectris) at 1 m sample-to-detector distance. Ex situ
samples were accommodated the in situ reaction cell and measured for
1 h. The signal of an empty glass tube was used as a background.

Processing of TS-PDF Data: pyFAI?*] was used to calibrate and az-
imuthally integrate the 2D diffraction patterns into the 1D curves. Fourier
transformation of the total scattering signal to the PDF was performed
by using PDFgetX3[2°] within the range 2.35 < q < 14.60 A~". The Diffpy-
CMI[28] Python library was used to calculate and fit the PDF both in the
case of the attenutated crystal (AC) approximation as well as by use of
the Debye scattering equation (DSE) calculated for discrete atomic mod-
els (cluster fit), similarly as reported in ref. [17]. Further details on the
PDF fitting routine, as well as of the Monte Carlo optimization routine
are reported in the Supporting Information. Discrete atomistic models
were generated by using the Atomic Simulated Environment (ASE) Python
library.[27]

Processing of SAXS Data: pyFAI?*l was used to calibrate and az-
imuthally integrate the SAXS data. SAXS intensities 1(q) were then ana-
lyzed using SasView version 5.0.5(28] or by custom fit routines using the
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Imfit Python package.l?°l The form factor of individual nanocrystals was
fitted by using either a polydisperse spherical form factor or an “onion”
form factor, accounting for a solid core and an exponentially decaying
particle shell. The SRO phase was described by the Percus—Yevick struc-

ture factor of hard spheres. Porod invariants Q = f0°° 1(q)q%dq = 2752A_p2

were calculated as a measure of SAXS contrast Ap? by trapezoidal integra-
tion of the model curves in the fit range (0.018 to 0.42 A~"). In the SRO
phase, the typical interparticle distance of nearest neighbors was calcu-

4.3
3370
n

lated as d,, spo = , where rr is the effective radius of the hard

sphere interaction within the short-range ordered phase, and 7 is the vol-
ume fraction of the effectively interacting particles in this phase. In the

fec supercrystal, the nearest-neighbor distance is d,, .. = % , where a is

the lattice constant of the cubic unit cell of the fcc assemblies as obtained
from the fit of the peak positions. The surface-to surface separation was
then calculated as d =d,,, — 2R, where 2R was obtained from the TS-PDF
analysis and coincides with the diameter of a sphere fully enclosing the
icosahedron.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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