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Abstract

The self-assembly of anisotropic nanocrystals (stabilized by organic capping molecules) with
pre-selected composition, size, and shape allows for the creation of nanostructured materials
with unique structures and features. For such a material, the shape and packing of the
individual nanoparticles play an important role. This work presents a synthesis procedure for
o-thiol-terminated polystyrene (PS-SH) functionalized gold nanooctahedra of variable size
(edge length 37, 46, 58, and 72 nm). The impact of polymer chain length (Mw: 11k, 22k, 43k,
and 66k g-mol™) on the growth of colloidal crystals (e.g. mesocrystals) and their resulting
crystal structure is investigated. Small-angle X-ray scattering (SAXS) and scanning
transmission electron microscopy (STEM) methods provide a detailed structural examination
of the self-assembled faceted mesocrystals based on octahedral gold nanoparticles of different
size and surface functionalization. Three-dimensional angular X-ray cross-correlation analysis
(AXCCA) enables high-precision determination of the superlattice structure and relative
orientation of nanoparticles in mesocrystals. This approach allows us to perform non-
destructive characterization of mesocrystalline materials and reveals their structure with

resolution down to the nanometer scale.
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1. Introduction

In nanotechnology and materials science, the bottom-up production of nanoparticles
with regulated structure and elaborate functionality is constantly a conceptual challenge." *
The self-assembly of anisotropic nanocrystals (stabilized by organic capping molecules) with
pre-selected composition, size, and shape allows for the creation of nanostructured materials
with unique structures and features. Colloidal crystals, especially with the defined
crystallographic orientation of the nanoparticles (e.g. mesocrystals), can demonstrate newly
emerging and novel collective properties that cannot occur in any other structure of the same
size range.’ For such a material, the shape and packing of the individual nanoparticles plays
an important role.*® The arrangement and orientation of nanoparticles in superlattices depend
decisively on their shape.”'® Theory predicts the assembly of hard octahedral particles (as
non-space filling polyhedra) in a wide variety of fascinating crystalline and liquid-crystalline
phases with different orientational and translational orders.""" Furthermore, the rounded
corners and curved facets of octahedron-like superballs could play an important role in
stabilization of specific assembled phases.'* In the case of regular hard octahedra, simulation
finds the densest packing with a density of 18/19 to be the Minkowski lattice.* '""* With
increasing truncation, the packing fraction gradually decreases and the packing switches to a
bce or bet structure.' * In experimental work, monoclinic and simple hexagonal superlattices
are additionally found as possible packing under different assembly conditions.® This
emphasizes the high adaptability of the superlattice symmetry on the specific crystallization
conditions and functionalization (e.g., type of organic capping molecules) of octahedral
particles. The functionalization plays an essential role in the self-assembly of nanoparticles
from dispersion due to the interaction of organic ligands between each other and solvent
molecules.'® Nevertheless, most simulation studies do not account for the ligand shell around

the inorganic core and are usually performed only with respect to the hard nanoparticle core,
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focusing on the study of specific features or specific implementations of mesocrystals.'”

Some computational simulations consider the influence of an elastic organic matrix/ligand
(i.e., DNA molecules) on the packing arrangement of the building superstructures, yet, only
with limited success.”’ Experimentally, it was shown that the self-assembly of Ag nanocubes
in 1D and 2D arrays can be tuned by adjusting the surfactant shell.”> * The ligand
conformation may be subjected to changes during the assembly process as environmental
conditions may change and thus can significantly differ from both dispersed and assembled
states, making prognoses about an assembly process and the outcome structure quite complex.

In this work, we studied gold nanoparticles with octahedral shape stabilized by
polymer macromolecules with a specific chain length, which not only defines the interparticle
distance in assembly, but also affects the effective shape of the nanoparticles, particle-particle,
and particle-solvent interactions. This provides an excellent playground system to create
ordered plasmonic self-assemblies with potentially tunable structures and properties. We
herein present a synthesis procedure for -thiol-terminated polystyrene (PS-SH)
functionalized gold nanooctahedra of variable size (edge length 37, 46, 58, and 72 nm) and
investigate the impact of the polymer chain length (Mw: 11k, 22k, 43k, and 66k g'mol™) on
the growth of colloidal crystals (e.g. mesocrystals) and their resulting crystal structure. Small-
angle X-ray scattering (SAXS) and advanced X-ray and electron imaging methods provide a
complete structural examination of the self-assembled superstructures based on nanoparticles
of various compositions and forms.****** Angular X-ray cross-correlation analysis (AXCCA),
which was recently developed, enables high-precision determination of colloidal crystal
structure and relative orientation of nanoparticles in mesocrystals.’*** Therefore, in this
publication, we combine these two approaches and measure a large part of three-dimensional
(3D) reciprocal space in SAXS geometry, including Bragg peaks from the superlattice

structure, for individual grains. The AXCCA of the measured 3D scattered intensity
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distributions allows revealing the structure of the mesocrystalline grains with a resolution
down to the nanometer scale.

2. Results and discussion

2.1. Synthesis of PS-SH functionalized gold octahedral nanoparticles and growth of

colloidal crystals

Octahedral nanocrystals (37 —72 nm edge length) are synthesized in aqueous
dispersion according to the literature®. These nanoparticles are successfully functionalized by
w-thiol-terminated polystyrene (PS-SH) of  different molecular weights
(11k g'mol™ - 66k g'mol™") within the process of a phase transfer to toluene (detailed synthesis
parameters can be found in the Supporting Information).’*® UV/Vis spectra before and after
functionalization (Figure S3, Supporting Information) are recorded to ensure the retention of
shape and dispersed state after the phase transfer, no peak broadening is found indicating such
processes. Transmission electron microscopy (TEM) investigation of these polystyrene-
functionalized particles (Figure 1a) further confirms the shape retention and point to an
influence of the polymer weight on the packing of the dried nanoparticles. TEM images also
indicate that for such small di- or trimers, longer polymer chains (e.g., higher molecular
weight) lead to larger distances between the nanocrystal cores and a more random orientation
of the nanocrystals towards each other. However, the size of the nanoparticle core also seems
to influence the orientation. The shape of the individual gold nanocrystals was verified by
high-angle annular dark-field imaging (HAADF) in a scanning transmission electron
microscopy (STEM) tomography (Figure 1 e, Figure S2, Supporting Information). The
degree of truncation along the (100) directions has been estimated to be approximately a =

0.14+0.02, by comparing the deviation of tip-to-tip distances to the ideal octahedron (
a=1-d"/d"" where || and d\*"" are the tip-to-tip distance along the (100) directions in

a real and ideal octahedra, respectively). The degree of truncation along the (110) directions
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is below the resolution limit of tomographic reconstruction. These values are also affected by
the tomographic reconstruction resolution, namely because of artefacts (e.g. due to a "missing

wedge") but should give a good estimate of the level of the edge truncation.
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Figure 1. The synthesis of mesocrystals includes the synthesis and functionalization of
nanoparticles followed by their assembly. a) Several combinations of core nanooctahedra
sizes and ligand polystyrene (PS-SH) chain weights are synthesized. TEM images prove that
the octahedral shape of the Au cores is retained during the functionalization process and an
influence of the polymer weight on the assembly structure can be observed. The
mesocrystalline samples assembled from the nanoparticles with the nanooctahedra sizes and
polymer molar weights marked by a blue asterisk are investigated by X-ray diffraction. The
scale bar is 50 nm. b) Nanoparticle self-assembly using a gas phase diffusion approach. The
sketched setup depicts a closed vial containing the antisolvent and a smaller one containing
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the nanoparticle dispersion. Over time, the antisolvent leads to the destabilization of NPs,
self-assembly, and discoloration of the dispersion. c) Self-assembled superstructures as
collected from the bottom of the vial, investigated by SEM. Superstructure size and
morphology vary depending on the polymer/core size combination. Facetted colloidal crystals
are found for polymer weights of 22k g'mol” and above. d) Exemplary SEM image of a
mesocrystal of rhombic dodecahedral shape assembled from PS-SH capped octahedral
nanoparticles (72 nm edge length, 66k g-mol-1 PS-SH). e¢) The zoomed image shows the
surface structure of the mesocrystal and packing of its nanoparticles. f) HAADF-STEM
tomographic reconstruction of an exemplary single octahedral gold nanoparticle (for more

details see Figure S2, Supporting Information).

Dynamic light scattering (DLS) measurements are conducted to gain deeper insight
into the influence of the polystyrene ligand on the apparent size of the particles in the organic
solution (Figure S4, Supporting Information). It is found that a longer polymer results in a
higher hydrodynamic radius of the nanoparticle meaning that the polymer chains extend
further into the dispersing agent, sterically stabilizing the nanoparticles. The comparatively
narrow polydispersity index (PDI) from these measurements confirms the conclusion from
UV/Vis spectra that the particles are fully dispersed in solution and no aggregation is
occurring. All combinations of particle sizes and polymer weights are fully stabilized.

The self-assembly of the particles is induced using a gas-phase diffusion technique
with an ethanol mixture as antisolvent (Figure 1b).** The antisolvent diffuses over the gas
phase into the nanoparticle-toluene dispersion and gradually decreases the solvent quality for
the stabilizing polystyrene, leading to destabilization, and self-assembly of the particles. The
self-assembly is fastest for short polymers and large nanocrystals and slowest for long
polymers with small nanocrystals, suggesting a direct influence of the polymer length on the
stability of the nanoparticles. Depending on the nanoparticle core size and polymer weight,
3D colloidal crystals or aggregate networks are obtained (Figure 1¢). For low polymer weight

(11k g'mol™), the destabilization seems to be too fast, preventing an ordered assembly of
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nanoparticles and merely leading to aggregation. For polymer weights of 22k g'mol” and
above, 3D superstructures are built. In general, we observe the following tendency: longer
polymers and smaller nanoparticles produce larger superstructures. This emphasizes the
crucial influence of the nanoparticle stability on the self-assembly process and the necessity of
the nanoparticles to be able to attach and detach to a building superstructure to build nicely
defined superstructures. Three-dimensional superstructures with well-defined faceting
(rhombic dodecahedral shape) and suitable size are obtained for 5 polymer-nanocrystal
combinations (Figure 1d, Figure S5, Supporting Information): a) Ol sample (72 nm edge
length, 66k g'mol’ PS-SH). b) O2 sample (58 nm edge length, 66k g-mol' PS-SH). ¢) O3
sample (58 nm edge length, 43k g'mol’ PS-SH). d) O4 sample (46 nm edge length,
22k g-mol™ PS-SH). €) O5 sample (37 nm edge length, 22k g:mol” PS-SH). These samples are
chosen for further X-ray structure analysis, as it was possible to pick samples with a diameter
of approximately 5— 10 um as necessary for the X-ray diffraction (XRD) experiment.
Thereby, modification or destruction of the sample by e.g. FIB preparation procedures are
circumvented. The selected facetted colloidal crystals were mounted onto tungsten needles
and glued with SEMGLU glue (Kleindiek Nanotechnik GmbH) using a Zeiss 1540XB
CrossBeam focused-ion-beam scanning-electron-microscope (FIB SEM) (see Figure 1d, and

Figure S5, Supporting Information).

2.2. Structural characterization of faceted mesocrystals

The XRD experiment (see Figure 2 for the schematic layout of the X-ray experimental
setup and Methods section for further details) was performed on the five selected faceted
mesocrystals (Figure 1 and Figure S5, Supporting Information). The 3D reciprocal space
maps of two samples composed of the biggest (O1) and smallest (O5) Au nanooctahedra are
presented in Figure 3a—b (reciprocal space maps for all samples are given in Figure S6,
Supporting Information). These 3D maps were obtained from the individual two-dimensional

(2D) diffraction patterns of the analyzed samples measured at different angles by interpolating
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them onto a 3D orthogonal grid with a voxel size of 0.0015 nm™'. The average radial profiles
of the measured scattered intensity distributions and average radial profiles of the intensity
between the Bragg peaks for all measured samples are shown in Figure 3c. As one can
observe from these profiles, with the decreasing size of the nanooctahedra in the samples
Ol — 05, the Bragg peaks shift towards the higher g-values indicating the shrinkage of the
superlattice unit cell of the mesocrystals. This is valid in all cases except for the samples O2
and O3 composed of nanooctahedra of the same size. A similar trend is observed for
intensities taken between the Bragg peaks. These curves mostly resemble the form-factor of
individual Au octahedra, though affected by the structure factor at low g-values. As it is well
seen from Figure 3¢, the form factor oscillations have a smaller period for the samples

composed of bigger nanooctahedra.

Figure 2. The X-ray diffract‘ion experimental setup. Compound Refra\lctive Lenses (CRLs) are
used to focus a monochromatic X-ray beam at the sample position. A liquid nitrogen cryojet
was used to cool the sample and prevent the radiation damage. An X-Spectrum Lambda 750K
detector was positioned downstream at a distance of 1.5 m from the sample to measure the
far-field diffraction patterns. The sample was rotated around the vertical axis, and scattering
patterns were measured at different angles in the range of ¢=0 — 180° with the step of
A@=0.5°. In the inset, an exemplary SEM image of a single mesocrystalline grain fixed on a

tungsten tip as measured in the experiment is shown.
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Figure 3. (a, b) Examples of the measured scattered intensity distributions in 3D reciprocal
space for Ol (a) and O5 (b) mesocrystalline samples. The isosurfaces are rendered for the
same arbitrary isovalue. The colors indicate the distance from the origin of the reciprocal
space (g-values). (c¢) Average radial profiles of the measured scattered intensity distributions
(thick lines) and average radial profiles between the Bragg peaks (thin lines) for all measured
samples shown in log-log scale. The resolution is 0.005 nm™. The profiles are shifted

vertically for clarity.

To extract the unit cell parameters, we applied AXCCA to the 3D intensity distribution
measured for all samples (see Methods section for a description of the AXCCA). Examples of
the obtained cross-correlation functions (CCFs) for the samples O1 and OS5 are shown in
Figure 4 (the results of AXCCA for all samples are shown in Figure S7, Supporting
Information). The CCFs C(g:,g:,A) were calculated as follows. The value of the first
momentum transfer g, was fixed to the position of the first Bragg peak (see Table 1 for the
values) and the value of the second momentum transfer g, was varied in the range of
g>=0.07 —0.50 nm™ with a step size of 0.005 nm”. The CCFs represented in Figure 4 are
shown as functions of g> and A. In this figure, bright yellow spots represent the correlation
peaks occurring between the first order Bragg peaks and all others. The CCFs also contain

stripe-like features at low g-values corresponding to the correlations with the crystal
10
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truncation rods produced by {110} facets of rhombic dodecahedral mesocrystalline grains.
We note that we did not fully cover reciprocal space for ¢ > 0.42 nm™ due to the experimental
geometry which explains the absence of some correlation peaks in the CCFs calculated for
these g-values.

We assumed that the real space structure for all measured samples is body-centered
cubic (bcc). We performed modeling of the correlation peak positions corresponding to this
structure and optimized the unit cell parameter to fit the experimental peak positions (see for
details Ref.*” and section S3.4, Supporting Information). The correlation peak positions for the
optimized structures are indicated in Figure 4 by red circles. The corresponding unit cell

parameters for all samples are summarized in Table 1.

C(q,4) [arb. units]

135 180 0 45 135 180

0 45

90 90
AT Al
Figure 4. 2D maps of cross-correlation functions C(g,, g-, A) calculated for the samples O1
(a) and OS5 (b). Red circles represent the peak positions for the optimized bcc structure. The
cross-correlation functions are calculated for the ¢; value corresponding to the first Bragg
peak position (see Table 1 for the values) and ¢, varying in the range of 0.07 — 0.50 nm™ with
the step size of 0.005 nm™'.

The deviation of the unit cell parameters within each sample were estimated from the
Bragg peak widths using the Williamson-Hall method (the details of the analysis are given in
section S3.5, Supporting Information).®® The extracted radial superlattice distortion g,
provides the dispersion of the unit cell parameter in a single sample as da = g, (a), where (a)
is the average unit cell parameter extracted by the AXCCA. The extracted angular lattice
distortion g, resembles the dispersion in the angular unit cell parameter as dp = g, 180°/m.
Thus, the extracted dispersion in radial and angular unit cell parameters for all samples is

provided in Table 1 as an error.
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Figure 5. a-c) Cuts through the measured 3D intensity distributions for the O1 sample: (a)

through the reciprocal space origin and normal to the [001]; axis, (b) through the reciprocal
space origin and normal to the [liO] s axis, and (c) through the 002 Bragg peak and normal

to the [001];, axis (the offset along the [001]; axis is 0.162 nm™). The red dashed lines
indicate the cuts shown in the other panels. Along with the Bragg peaks, anisotropic features
of the form factor of the gold octahedral nanoparticles are well visible. The white dotted lines
in panel (b) indicate the [111]g; and [111], axes, and in panel (c) — the [110]y, and [110],,
axes. (d, e) The real space models of a bcc superlattice unit cell with the ideal angular
orientation of the nanooctahedra (d) and with a certain degree of angular disorder (e). The
orientation of the octahedral nanoparticles within the superlattice is revealed by analysis of

the anisotropic form factor.
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After analysis of the Bragg peaks originating from the superlattice, we turn our
attention to the angular orientation of individual octahedra inside the superlattice. The
octahedral shape of the nanoparticles is defined by eight {111} 4. facets that lead to a highly
anisotropic form factor of a single nanooctahedron with fringes normal to the facets. The cuts
of the 3D intensity distribution through the crystallographic planes of the superlattice,
presented for Ol sample in Figure Sa—c (the cuts for other samples are given in
Figures S12.1 — S12.4, Supporting Information), show the presence of the anisotropic form
factor features. This finding confirms that the nanooctahedra inside the superlattice are
mutually oriented. As can be seen from Figure Sb, the fringes normal to the nanooctahedra
facets are oriented along the (111)s. axes. Alignment of the form factor features with the
(110)s. axes in Figure 5¢ confirms that all {111}, nanooctahedron facets are oriented with
the (111)s. superlattice axes. Thus, all [hkl]s. atomic lattice axes are aligned along the
corresponding [hkl]s. superlattice axes as shown in Figure Sd. Comparison of the
experimentally measured scattering patterns with the simulated ones for the given orientation
of nanooctahedra (see section S3.6, Supporting Information) confirms our observations.
Broadening of the form factor features in the azimuthal direction implies orientational
disorder of the nanooctahedra around their ideal orientation as shown in Figure Se. By visual
inspection of the measured scattered intensity distribution with the simulated ones for
different degree of orientational disorder, we concluded that the nanooctahedra have a normal
distribution around the ideal orientation with a standard deviation of dp = 15°.

Although the bce superlattice structure with tip-to-tip oriented nanooctahedra does not
provide the highest possible packing density for nanooctahedra, it was previously reported for
mesocrystals consisting of nanooctahedra capped by organic ligands."”” Such a structure is
believed to ensure the packing of ligands in the voids formed by the facets of adjacent
nanooctahedra. This speculation is supported by the difference in the ligand density on the
facets and close to tips.® The lower ligand density at the tips facilitate the tip-to-tip orientation
of the nanooctahedra in the bcc superlattice.

The revealed angular orientation of the nanooctahedra makes it possible to compare
the defined superlattice unit cell parameters with the nanooctahedra dimensions. First, we
extracted the nanooctahedra dimensions from the TEM measurements. An average edge
length / was determined from the projections of individual nanooctahedra along the [111]4L

direction for each sample (see section S1.2, Supporting Information). From the edge length,

the facet-to-facet distance d; ;, and the ideal tip-to-tip distance d,*{' were calculated as
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df,fzx/gl /3 and d*'=V/21, respectively. All obtained values are summarized in Table 1. We
note that the obtained values correspond to dimensions of an ideal nanooctahedron and do not
take into account truncation of the nanooctahedra corners, which is visible on the TEM
images (see Figure S1, Supporting Information) ) and confirmed by the HAADF-TEM
tomography reconstruction (see Figure 1f). The facet-to-facet distance d;_; is not affected by
the truncation and thus corresponds to the actual size of the nanooctahedra.

As it follows from Figure 5d, the nearest neighbor nanooctahedra along the (111)s

directions face each other with their facets. The nearest-neighbor distance dyy in the bcc
superlattice can be calculated from the unit cell parameter a as d NN=\/§ al/2. The obtained

values dyy given in Table 1 can be compared to the facet-to-facet distance d;_; obtained from
the TEM measurements as described above. The difference of these values corresponds to the
spacing between the nanooctahedra and is mainly due to the interspacing polymer. As
expected, the facet-to-facet distance is smaller than the nearest neighbor distance for all
studied samples with the interparticle distance of about 8 nm regardless of the nanooctahedra
size.

In its turn, the adjacent nanooctahedra along the (100)s. axes touch each other with
their tips. The unit cell parameters a, equal to the distance between the adjacent

nanooctahedra in these directions and summarized in Table 1, can be directly compared to the

ideal

tip-to-tip distance d,_, obtained from the TEM measurements. Apparently, the tip-to-tip
distances are larger than the unit cell parameters for all the samples; the difference gradually
decreases from about 24 nm for the biggest nanooctahedra down to about 7 nm for the
smallest ones. For an ideal lattice of untruncated nanooctahedra, this would lead to a
topologically unfavorable structure. In the experiment, we deal with nanooctahedra with
slightly truncated tips that lead to the reduction of the particle “overlap”. Moreover, the
observed angular disorder enables more effective packing where the nanooctahedra touch the
next ones not directly with their tips but with their edges or facets close to the tips as shown in
Figure Se. Thus, the truncation and angular disorder of the nanooctahedra enable the

otherwise topologically unfavourable structure.

Table 1. The parameters of the samples O1 — O5 as determined from the TEM, AXCCA, and

Williamson-Hall method. The edge length / was measured from the TEM, error bars are the
standard deviation of a few measured samples. The tip-to-tip distance d'** and facet-to-facet

distance d;_; were calculated from the edge length as described in section S1.3 of Supporting

14
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Information. The first Bragg peak g-value is obtained from the average radial profiles shown
in Figure 3c. The unit cell parameter a is determined from the AXCCA method and error bars
are deduced as the standard deviation obtained from the Williamson-Hall method. The
nearest-neighbor distance dyy is obtained from the unit cell parameter a as d NN=¢§ al2. The

angular unit cell distortion and error bars are obtained from the Williamson-Hall method.

SAMPLE 0O1 02 03 04 05

Nanooctahedra edge 72.0x1.6 584+1.8 584+1.8 463+ 14 36.7+ 1.1
length / from TEM
images [nm]

Tip-to-tip 08.5+2.45 795+25 795+25  63.8+23 51.5+19

ideal

distance d,_,
calculated for ideal
nanooctahedron
[nm]

Facet-to-facet 58.8+1.3 47.7+1.5 477+1.5 37.8+1.1 30.0+ 0.9
distance dgs [nm]

First Bragg peak 0.114 0.137 0.134 0.173 0.197
g-value [nm™]

Optimized unit cell 77.6 £0.9 64.5+1.4 66.0+1.0 51.2+0.5 448 +£ 0.6
parameter a [nm]

Nearest-neighbor 67.2+0.8 559+1.2 57.2+09 443+ 04 38.8+0.5
distance dwy [nm]

Angular distortion of 1.0+ 0.3 0.9+0.3 0904 1.3+£0.6 0.9+0.6
the unit cell [°]

3. Conclusions

In summary, we presented a synthesis procedure for PS-SH functionalized gold octahedral
nanoparticles of variable size (edge length 37, 46, 58, and 72 nm) and investigated the impact
of polymer chain length (Mw: 11k, 22k, 43k, and 66k g-mol') on the growth of faceted
colloidal crystals (i.e., mesocrystals) from toluene solution using a gas-phase diffusion
technique. To resolve the structure of the grown rhombicdodecahedral mesocrystals we
performed an XRD experiment in SAXS geometry at a synchrotron source. By applying the

AXCCA method, we identified that in all cases nanocrystals self-assemble in a bcc
15
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superstructure, where gold octahedral nanoparticles are predominantly oriented tip-to-tip.
This, at first, seemingly unfavorable orientational order is possible due to a slight truncation

of nanooctahedra along the (100) direction and their angular disorder within the superlattice,

which enables a more effective packing. HAADF-STEM tomographic reconstruction revealed

the degree of octahedra truncation along (100) directions to be approximately o = 0.14+0.02.

This experimental system provides an important contribution in understanding the packing
behavior of octahedral nanoparticles with tunable surface properties (due to the
functionalization by polymers with variable chain length) and reveals conditions for
crystallization of the faceted mesocrystals. The latter is important for studying of optical
properties of such highly ordered assemblies with a tunable distance between the plasmonic
nanoparticles (due to surfactants with different polymer chain length) and different
coordination geometries. This coordination is determined not only by the symmetry of the
superlattice, but also by the location of nanoparticles within the bulk volume, and the
orientation of vertices of the faceted mesocrystals. The exact coordination structure of faceted
mesocrystals can be further explored in the future by Coherent X-ray Diffraction Imaging
(CXDI), which can achieve nanoscale spatial resolution, allowing the presence of different

types of structural defects to be revealed.
4. Experimental Section/Methods

Synthesis and Functionalization of Polystyrene-stabilized Au Nanooctahedra

The synthesis of the nanocrystals is conducted as published previously,** adaptions for
the adjustment of the particle morphology were made. The functionalization of the gold
nanooctahedra is adapted from a procedure described by Sanchez-Iglesias et al.*® Four
different polystyrene weights are used for this functionalization (11k g-mol™, 22k g:mol”,
43k g-mol”, and 66k g'mol™). The nanoparticle dispersion is centrifuged at 9000 rpm for
5 min, the supernatant is removed and the sedimented particles are redispersed in 10 mL
water. The particles are then concentrated to 1 mL (concentration of Au is 2 mg/mL). This
dispersion is added to a THF solution containing one w-thiol-terminated polystyrene chain per
nm? surface of the added nanoparticles (estimated from TEM size investigation and assuming

ideal octahedral shape) and mixed thoroughly. The dispersion is left undisturbed for 12 h and
16
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subsequently centrifuged at 9000 rpm for 5 min, the supernatant is discarded and the particles
are redispersed in 10 mL THF. After another round of centrifugation, the supernatant is
removed and the particles are redispersed in 1 mL of toluene. This second round of
centrifugation is crucial to reduce the amount of water present in the system that would
otherwise lead to the irreversible aggregation of the particles upon addition of toluene. The
functionalized particles were investigated by TEM (Figure 1), UV/Vis (Figure S1,

Supporting Information), and DLS (Figure S3, Supporting Information).

Self-assembly by gas-phase diffusion

The nanocubes were assembled to mesocrystals using a gas-phase diffusion technique
(Figure S1 and section S1.4, Supporting Information).” 400 pL of 2 mg/mL nanocube
dispersion in toluene was filled in a 1 mL flat bottom vial. This small vial was then placed in
a larger vial containing an antisolvent consisting of 1 mL ethanol and 1 mL toluene. The
larger vial was sealed creating a closed system. The antisolvent diffuses into the nanoparticle
dispersion destabilizing the particles and leading to self-assembly indicated by a gradual
discoloration of the dispersion. After 3 weeks, the solution was fully discolored. The solution
was then overlaid with 200 pL. of ethanol to discourage redissolution of the assembled
superstructures in the collection process of the self-assemblies. The clear solution was
removed using a syringe. The superstructures laying on the bottom were then collected with
the residual solvent using a micropipette and placed on a silicon snipped for further

investigation. An overview of the self-assembled structures is provided in Figure 1c.

X-ray Scattering Experiment
The experiment took place at In-situ X-ray diffraction and imaging beamline P23 of

the PETRA III storage ring at DESY (Germany). Monochromatic X-rays with a photon
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energy of 8.32 keV (A=0.149 nm) were focused by beryllium (Be) compound refractive
lenses (CRLs). At this photon energy, the approximate beam size in the vertical direction was
7 —12 pm (Full Width at Half-Maximum, FWHM) and about 21 — 36 pum (FWHM) in the
horizontal direction. This allowed the X-ray beam to completely cover the colloidal crystal
grains which have sizes ranging between 5 — 10 um (compare with Figure S5, Supporting
Information). The mesocrystal grains were mounted on a tungsten tip and rotated around the
vertical axis in steps of 0.5° in the range of 0 — 180°. For each angular position, 2D far-field
scattering patterns were collected by the X-Spectrum Lambda 750K GaAs detector, which
was positioned 1.497 m downstream from the sample. Series of two frames of 1 s exposure
each were measured at each angular position, resulting in a total of 2 s exposure. The sample
was cooled by a liquid nitrogen cryojet (OXFORD Cryostream 700) to minimize radiation
damage to the organic ligands (stabilizing nanocrystals), which might lead to nanoparticle
coalescence and the loss of superlattice organization. The collected 2D patterns were

interpolated onto a 3D orthonormal grid with the voxel size of 0.0015 nm™.

Angular X-ray Cross-Correlation Analysis
We used the AXCCA method modified for applications to 3D intensity distributions as
described in Ref.”’. The method is based on analysis of two-point CCFs C(g1,42,A) calculated

for measured scattered intensity distribution in 3D reciprocal space as

C(%’QZ:A) (Ch)j CIz || quHqu ” COSA 1)
2

where T(ql) and 7(q2) are normalized intensities taken at the momentum transfer positions q

and q in 3D reciprocal space and & (x| is a Dirac delta-function. The averaging is performed
over the all momentum transfer positions of q; and q. with the lengths ¢, = ||qi|| and ¢. = ||qa||,
respectively. The intensities are normalized to the mean values at the corresponding g-value

as
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T(qi)=%w,i=l,z 2

where averaging is performed over all positions corresponding to q; with the length ¢; = ||q,|.
In this work, we calculated CCFs C(q1,42,A) for a fixed momentum transfer value g,
corresponding to the first Bragg peak position and varying momentum transfer values g..

These CCFs are represented as corresponding maps in (g»,A)-coordinates.

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

corresponding authors.
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ToC figure:

The ToC entry:

A synthesis procedure for PS-SH functionalized gold octahedral nanoparticles of
variable size and polymer chain length on the growth of faceted colloidal crystals is
explored. To determine the structure of the mesocrystals a SAXS experiment was
performed. It was identified by the AXCCA method that nanocrystals self-assemble in a
bcc superstructure, in which gold octahedral nanoparticles are predominantly oriented

tip-to-tip.
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