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Strong size selectivity in the self-assembly of rounded
nanocubes into 3D mesocrystals

This paper demonstrates a way to overcome limitations in
the determination of the size polydispersity of nanoparticles
within self-assembled mesocrystals (3D lattices of
nanoparticles). A procedure is described for the extraction
of an individual mesocrystal, whose structural parameters
are investigated using X-ray diffraction. Depth-resolved
structural analysis of a solution of iron oxide nanoparticles,
an ensemble of 3D crystals of nanoparticles and a single
mesocrystal reveals strong size selectivity of the
self-assembled nanoparticles.
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The self-assembly of nanoparticles into highly ordered crystals is
largely influenced by variations in the size and shape of the con-
stituent particles, with crystallization generally not observed if their
polydispersity is too large. Here, we report on size selectivity in the
self-assembly of rounded cubic maghemite nanoparticles into
three-dimensional mesocrystals. Different X-ray scattering techni-
ques are used to study and compare a nanoparticle dispersion that
is used later for self-assembly, an ensemble of mesocrystals grown
on a substrate, as well as an individual mesocrystal. The individual
pm-sized mesocrystal is isolated using a focused-ion-beam-based
technique and investigated by the diffraction of a micro-focused
X-ray beam. Structural analysis reveals that individual mesocrystals
have a drastically smaller size dispersity of nanoparticles than that
in the initial dispersion, implying very strong size selectivity during
self-assembly. The small size dispersity of the nanoparticles
within individual mesocrystals is accompanied by a very narrow
lattice parameter distribution. In contrast, the lattice parameter
distribution within all mesocrystals of an ensemble is about
four times wider than that of individual mesocrystals, indicating
significant size fractionalization between mesocrystals during self-
assembly. The small size dispersity within each mesocrystal has
important implications for their physical properties.
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New concepts

The self-assembly of nanoparticles potentially enables the creation
of devices with various functionalities. Size polydispersity of the
nanoparticles within the self-assembled mesocrystals (3D lattices of
nanoparticles) is a key parameter for device performance and its
elucidation is therefore of great importance. Previous determinations of
this key parameter were hampered either by access to only a subset of the
involved nanoparticles (SEM sees only those at the surface) or by
ensemble statistics hiding the size dispersities of the individual
mesocrystals (GISAXS can see only the statistics of all nanoparticles in
an ensemble of mesocrystals). We have overcome this limitation by a
special extraction procedure separating an individual mesocrystal, which
we then comprehensively investigated using X-ray diffraction and
structural analysis. The analysis yields a nanoparticle size dispersity
within an individual mesocrystal that is more drastically reduced from
that within the initial dispersion than expected. Comparison with results
on a mesocrystal ensemble furthermore indicates a size fractionalization
leading to smaller dispersity within each mesocrystal than across
different mesocrystals. These results call for further theoretical
investigations of the self-assembly process, and the single mesocrystal
diffraction method developed opens the door to studying further
properties of individual mesocrystals, unimpeded by an ensemble
average.
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Introduction

Self-assembled,’ ordered configurations of nanoparticles are
of great interest for applications in information technology,
plasmonics and photonics, biological and chemical sensing, as
well as many further areas.”” Their importance has led to an
increase in reports dealing with their preparation, characterization
and functionalization.*® Just as for crystals that are built of atoms,
there is a large structural diversity for “mesocrystals” that are built
of nanoparticles and whose properties and functionalities are
related to their structure.'® The variety of structures into which
nanoparticles self-assemble is further enhanced by the anisotropic
interactions that are present for non-spherical nanoparticles.>”"***>
For example, cube-like nanoparticles have been observed to form
simple cubic, body-centered tetragonal, or rhombohedral lattices,
depending on their corner truncation and on the solvent
employed.”*™> The structures that are formed are determined
by an interplay between competing interactions, which depend
on the shapes and sizes of the nanoparticles and on their
associated surfactant corona.”"®

The analogy between crystals of nanoparticles and atoms is
not perfect.'”” In particular, the former invariably have some
variations in their size and shape. If these variations are too
large, then the nanoparticles cannot assemble into ordered
lattices. Indeed, it was already observed more than 30 years ago
that, for spherical nanoparticles with a size dispersity larger
than about 10%, crystallization is suppressed.'® It was also
observed that crystalline quality is improved upon lowering the
size dispersity.'® The effects of size dispersity on crystallization
have also been investigated in various theoretical studies,
although mostly focusing on spherical nanoparticles. Intriguingly,
the results indicate that the dispersity can be lowered by the
crystallization itself, with the possibility of fractionalization, ie.,
the emergence of several crystalline phases with different average
sizes of the participating nanoparticles.>® Such size selectivity
during the self-assembly process has also been indicated by the
statistical analysis of scanning electron microscope (SEM) images
of crystallized octahedral nanoparticles and of those nano-
particles left over in the dispersion, with the former having an
approximately three times narrower size distribution.”® However,
SEM is sensitive only to the surface, which may not be representative
of all of the nanoparticles involved.

Here, we use scattering methods that are sensitive to all of
the nanoparticles involved to demonstrate the presence of strong
size selectivity in the self-assembly of cube-like maghemite
nanoparticles. The experiments include the use of a focused
ion beam to isolate an individual pm-sized mesocrystal, followed
by its investigation by diffraction using a micro-focused X-ray
beam, thereby pushing the limits of X-ray crystallography for the
study of very small objects. The analysis of the diffraction data is
indicative of a much narrower size distribution of the nano-
particles than in dispersion prior to assembly. The size distribution
of all of the nanoparticles in any of the mesocrystals in an ensemble
deposited on the substrate, obtained by grazing-incidence
small-angle X-ray scattering (GISAXS) from the existing Bragg
peaks, is significantly larger than the corresponding width
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within an individual mesocrystal. These results indicate very
stringent size selectivity in a single mesocrystal, as well as size
fractionalization between different mesocrystals in an ensemble.
The small size dispersity in each mesocrystal has important
implications for their physical properties and functionalities,
especially for dipolar magnetic interactions, which have a strong
distance dependence.””

Experimental, results and discussion

Oleic-acid-capped maghemite nanoparticles, which have previously
been demonstrated to form high-quality mesocrystals,'**** were
prepared by the thermal decomposition of iron oleate.*® Small-angle
X-ray scattering (SAXS) was performed on dilute nanoparticle dis-
persions in toluene, employing a Bruker AXS Nanostar SAXS
instrument. The resulting data (Fig. 1a) can be well fitted by a
model of cubes, whose corners are rounded off (sketched in Fig. 1c),
with the corresponding parameters given in Fig. 1a and Table 1. The
shape of the “nanocubes” was confirmed in real space using an FEI
Titan transmission electron microscope (TEM). The particles were
drop-casted onto a thin C layer supported by a TEM grid. The inset
to Fig. 1a shows an image of the rounded cubic-shaped crystals.
Further details about their characterization using SAXS and about
the rounded cubical form factor model are given in the ESLT
(Section S1).

Mesocrystals, i.e., three-dimensional (3D) periodic arrangements
of nanoparticles, were obtained by self-assembly of the rounded
cubic maghemite particles. First, the nanoparticle dispersion in
toluene was dripped onto a Si(001) substrate. The particles were
then induced to self-assemble into pm-sized mesocrystals by eva-
porating the toluene under controlled conditions, as described
elsewhere.”** The ensemble (or collection) of mesoctystals on the
substrate (see Fig. S5 in the ESI i for a SEM top view) is partially
oriented: all of the mesocrystals have their c-axes (001 direction; see
Fig. 2d) aligned perpendicular to the substrate, but each mesoctystal
has a random in-plane orientation. The ensemble was characterized
using GISAXS in the in-house high-brilliance instrument GALAXI>
(4 = 1.34 A) at an incident angle of 0.4°. The partial orientation is
sufficient to give rise to Bragg peaks, as also observed in previous
GISAXS studies.'®* Analysis of their shape was used to determine
model parameters, including in particular the lattice parameter
distribution, as given in Table 1. Further details about the
characterization of the ensemble by GISAXS and the extraction
of model parameters are given in the ESL 7 (Section S3).

Individual mesocrystals were extracted from the ensemble
using a focused ion beam (FIB) system in a dual-beam FEI
Helios NanoLab 400S. A specific sample preparation process
was used to isolate sensitive samples with high precision to
obtain only a few pm-sized well-shaped mesocrystals. For this
purpose, the sample was covered with a Pt layer for protection
during the cutting process and transferred to a standard Cu
Omniprobe grid. The setup is described in the ESI,} (Fig. S6a).
More details about the extraction process are given in the ESI,
(Section S4). Each resulting isolated single mesocrystal (Fig. 1b)
was then ready for structural characterization.

This journal is © The Royal Society of Chemistry 2020
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(a) SAXS data obtained from cubic nanoparticles in dilute dispersion (O) are fitted (red line) using the depicted rounded cube model (c), which is described in

the ESI.T The characterization of individual cubic nanoparticles provides information about the cube size [, the particle size distribution ¢, and the truncation factor t.
The inset shows a TEM image of a deposited monolayer of nanoparticles. (b) SEM image of a single mesocrystal of the nanoparticles grown on a Si substrate, with a
Pt cover layer, after being cut free using a focused ion beam. The inset shows the regular arrangement of the nanoparticles recorded before Pt deposition.

Table 1 Fitting parameters obtained for a dispersion of nanoparticles, an ensemble of mesocrystals and a single mesocrystal. The meaning of some of
the parameters is sketched at the bottom

Parameter Dispersion Ensemble Single mesocrystal
Cube size [ [nm] 10.9(1) 10.4(1)
Lattice constant a [nm] 14.75(3) 13.47(3)
Lattice constant ¢ [nm] 21.57(4) 15.08(7)
Particle size distribution g; [%] 5.8(5) 0.0(26)
Lattice constant distribution ojaice [%)] 2.03(7) 0.42(2)
Tilt distribution o [°] 1.09(4) 0.09(2)
In-plane GISAXS correlation length” ¢,, [nm] 1145(40)

Out-of-plane GISAXS correlation length® ¢, [nm] 256(9)

Mesocrystal height Ny ,ue-¢ [nm] 196.0(9)
Rounding factor 7 [ ] (¢f. Fig. 2¢) 0.80(5) 0.8°
Average displacement apw [nm] 0.6(2)

Ensemble: €3p €¢

Olattice

Ensemble: Ojattice

Ensemble: O

“ Incorporates all finite size effects (see Section S3 in the ESI). ? Fixed to the value obtained by SAXS.
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Fig. 2 Structural analysis of a single mesocrystal of rounded cubic nanoparticles. (a) Schematic diagram of the experimental setup and scattering
geometry used. The area detector is stationary. The axes of sample rotation are indicated. (b) Scattered intensity shown on a logarithmic color scale for
the (hOl) reciprocal space plane obtained from angle-scans, as described in the ESI,T (Section S5.2). The inset shows the (00l) line once as a zoom-in and
once as a cross-section. (c) Cross-sectional TEM image of a thinned mesocrystal layer deposited on a Si single crystal viewed from the [100] direction.
The inset shows a selected area electron diffraction pattern recorded from the layer. The spots correspond to Bragg peaks of the atomic inverse spinel
structure of the nanoparticles. (d) Depiction of the unit cell of the nanoparticle mesocrystal.

X-ray diffraction was performed on single mesocrystals at
beamline P08 of PETRAIII, DESY® using a general setup similar
to that used in ref. 29. We used photons of energy 12.4 keV,
a Kohzu NZD-3 high-precision diffractometer with Eulerian
geometry and a Roper Scientific area detector (see Fig. 2a). In
order to maximize the flux on the small samples (Fig. 1b) and to
minimize the background, the incoming X-ray beam was
focused by a set of compound refractive lenses,*® achieving a
spot size of 5 pum vertically x 10 pm horizontally. The back-
ground was further reduced by installing an evacuated pipe
between the sample and the CCD detector.

The small focused beam was required to hit an even smaller
mesocrystal with a height of a few tenths of um and a diameter
of a few pm, making this a challenging experiment with
stringent requirements for the precision of the alignment.
Moreover, quantitative analysis of the intensities and shapes
of the Bragg peaks, as is necessary to extract the size distribution
of the nanoparticles in a single mesocrystal, had to take into
account the precision of the center of rotation of the different
diffractometer circles, which is of the same order of magnitude
(the “sphere of confusion” has a diameter of about 15 pm?>®),
requiring readjustments of the alignment for each peak. The
alignment procedures and further experimental details are
given in the ESL 7 (Section S5.1).

With the mesocrystal aligned as in Fig. 2a, reciprocal space
planes at various ¢ positions were mapped by rocking both w and
¢ angles, as described in the ESI,t (Section S5.20). One such plane
is shown in Fig. 2b and additional examples in Fig. S8 in the ESL
The mapped planes exhibit clear and sharp Bragg reflections (note
the logarithmic intensity scale) of the mesocrystal structure.
Planes related by a rotation of ¢ by 90° exhibit the same pattern,
indicating tetragonal symmetry. Furthermore, the reflection
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condition A + k + [ = 2n is always observed. All of the observed
reflections of the mesocrystal structure can be indexed within
the tetragonal space group I4/mmm (#139), in accordance with
previous GISAXS investigations."**

The orientation of the rounded cubes within the mesocrystal
lattice was determined as follows: Fig. 2c shows a TEM image of
a cut through a mesocrystal, corresponding to a projection onto the
bc plane. The inset shows a selected area electron diffraction (SAED)
pattern of the layer, corresponding to the crystalline orientation of
all of the particles within the field of view. Reflections originating
from the atomic structures of single nanoparticles, which are
consistent with the inverse spinel atomic structure (Fd3m, # 227),
are visible. The (004) reflection of the atomic lattice is parallel to
the c-axis of the mesocrystal structure visible in the TEM image.
This observation is consistent with additional X-ray reflectivity
measurements, which are described in the ESIL 7 (Section S2).
The presence of only two reflections of the atomic structures of
all of the individual nanoparticles confirmed that the atomic
lattice ¢ direction coincides with the mesocrystal ¢ direction,
indicating a strict orientation of the atomic structures of the
rounded nanocubes with respect to the cube faces. The principal
axes of the spinel structure within each rounded cube nano-
particle are therefore parallel to the edges of that cube. Moreover,
the (040) reflection, which is visible in the inset, is parallel to the
b-axis of the TEM image. No additional reflections corresponding
to reciprocal space planes of rotated cubes inside the mesocrystal
structure are visible, precluding a systematic rotation of all or
some of the nanocubes inside the mesocrystal, e.g. by 45°, as
shown in Fig. 4b in ref. 25: Apart from possible small random
rotations, the edges of the rounded cubes in the mesocrystal are
parallel to the edges of the mesocrystal cell, as sketched in
Fig. 2d, in agreement with I4/mmm symmetry.

This journal is © The Royal Society of Chemistry 2020
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The observed sharp mesocrystal structural reflections (Fig. 2b)
were analyzed in depth to obtain the size distribution width and
other structural parameters. The structure of atomic crystals is
commonly determined by modeling the integrated intensity of
reflections, merged into symmetry-unique reflections.>'?* We
applied the same method and obtained the integrated intensities
of 74 observations of reflections from rocking scans, as detailed
in the ESLt (Section S5.3). By merging these reflections in the
indicated mesocrystal space group I4/mmm, 9 symmetry-unique
reflections were obtained. The corresponding internal R value,
Rine = 0.26, which is a measure of the variability of the
observations,®” is rather high when compared to typical values
obtained in small-molecule crystallography. We attribute this
variability to the very small sample size, combined with the very
small and non-uniform beam focus, both of which are smaller
than the diffractometer sphere of confusion.”® The merged
integrated intensities are shown in Fig. 3a (unmerged intensities
are shown in Fig. S10 in the ESI{) as a function of Q, multiplied
by Q* for better visibility of high-index reflections. The minima
around 0.06 and 0.13 A~ arise from the form factor, akin to form
factor minima observed in SAXS (¢f. Fig. 1a), but we emphasize
that in contrast to SAXS there is no directional averaging, i.e. the
form factor also depends on the direction of the Q-vector.

View Article Online
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The nanoparticle position in the cell is fixed and the calculated
intensities therefore depend only on a direction-dependent form
factor (possibly incorporating variations in the size and shape of
the nanoparticles) and a Debye-Waller factor describing random
displacements of the nanoparticles from the ideal lattice position.
When modeling the data, we assumed an isotropic Debye-Waller
factor and the rounded cube model already used for SAXS analysis,
including a rounding factor 7 (defined in Fig. 2c), a log-normal size
distribution of the nanoparticles and taking into account the fact
that the particles are oriented as indicated in Fig. 2d. In the
modeling, we observed that the intensities did not depend
sensitively on the rounding parameter t, which was therefore
set to the value of 0.8 that had been obtained from SAXS.
A detailed assessment of the influence of nanoparticle shape
on the size-selective assembly of nanocubes is beyond the scope
of the present study.

The best fit of this model (Fig. 3a; for further information
about the analysis of the merged integrated intensities see
Section S7 in the ESI{) corresponds to a residual®* R, = 0.23,
which is higher than usual in small molecule crystallography,
but reasonable in comparison with the data quality, as indicated
by Rine. This result indicates that the simple rounded cube
model, incorporating a size distribution but no distribution
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Fig. 3 Analysis of integrated intensities and interpretation of the resulting parameters. (a) Best refinement (red line) of the integrated intensities (scaled
with Q% in the figure to emphasize high-index reflections), according to the rounded cube model (see text). (b) Comparison of the nanoparticle size
distribution in the single mesocrystal (dark blue line) with that in the dispersion prior to crystallization (blue shaded area). The figure also shows the
distribution of lattice constants in the single mesocrystal (dotted red line), as well as that in the ensemble of mesocrystals (red pattern). (c) Schematic
diagram of the size-selective self-assembly process inferred from the data (see text).
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of shapes, provides a reasonable description of the nanoparticle
mesocrystal. The optimal parameters (Table 1) suggest that
displacements of the nanoparticles from their ideal positions
are small, and are otherwise consistent with those deduced
from SAXS, with the exception of the size distribution, which is
fitted as o; = 0%, albeit with a large error bar of 2.6%. Never-
theless, the size distribution of the single mesocrystal is well
below that of the nanoparticles in the dispersion, g; = 5.8(5)%.
Given that the size distribution cannot be negative, the expecta-
tion value for the mesocrystal size distribution is 1.8%, with
asymmetric error bars, as indicated by the dark blue line and
horizontal error bars in Fig. 3b, with the size distribution of the
nanoparticles in the dispersion also shown for comparison
(blue shaded area).

Further structural information can be obtained from an
analysis of the Bragg peak shapes. The widths of the reflections
of individual (meso)crystals are determined by a combination
of finite size effects (finite sample size and finite correlations),
the distribution of lattice parameters, as well as the distribution
of tilts, which is also referred to as mosaicity in the individual
crystal case (see also the sketches in Table 1), together with
instrumental broadening. We analyzed the reflection widths in
terms of a uniform contribution to all of the reflections and
reflection-dependent contributions (see Section S6 in the ESL, T
for details of the analysis). From the former parameters, we
observe an in-plane broadening that is fully accounted for by
the instrumental resolution, with no discernible finite size
effects (c¢f. Section S6.5 in the ESIf). Out-of-plane, instrumental
broadening accounts for only a minor part of the overall uni-
form broadening. Here, the dominant contribution originates
from the small thickness of the mesocrystal (13 unit cells
according to SEM) and reflects the Laue function for small
lattices. Close inspection of Fig. 2b between the peaks in the
vertical direction (magnified in the inset, with a second inset
showing the profile) reveals the Laue oscillations that are
expected for very small crystals. To the best of our knowledge,
Laue oscillations only previously been observed in artificial
structures such as heteroepitaxial thin films (e.g. ref. 33 and 34).
From the distance of the oscillations, the number of unit cells
can be obtained as 13, in agreement with SEM. The sharp
minima in the Laue oscillations show that the mesocrystal is
very flat. The mosaic spread (tilt distribution) o obtained from
the analysis is approximately 0.1°, which is less than the mosaic
spread observed in some atomic (small molecule) crystals
(e.g. ref. 35). The smallness of the misorientations is remark-
able, given the much weaker bonding interactions between
neighboring nanoparticles, as well as the variability in their
shape and size.

Finally, the width analysis yields distributions of the lattice
parameters of Glagice,,,, = 0-42(2)%, as sketched in Fig. 3b
(dotted red line). Given the relatively close packing (Fig. 2d),
variations of the lattice parameters can be expected to follow
variations of the sizes of the nanoparticles,® although the
capping ligands might to some extent compensate the poly-
dispersity of the cores, leading to a smaller width of the lattice
parameter distribution compared to the particle size distribution.
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The analysis of peak widths suggests a lattice parameter dis-
tribution of approximately 0.4%, which is considerably smaller
than the expectation value of 1.8% for the width of the size
distribution obtained from the intensity analysis, but well
within the large error bar of the latter value. Overall, the very
small lattice parameter distribution width is consistent with the
conclusion of the intensity analysis: the variation of the sizes of
nanoparticles within a single mesocrystal is much smaller than
the size polydispersity within the initial dispersion (blue shaded
area in Fig. 3b).

Given the strong difference in size distributions obtained
between all of the nanoparticles in the initial dispersion and
those within a single mesocrystal, it is of interest to estimate the
size distribution of all of the nanoparticles incorporated into any
of the mesocrystals in the ensemble deposited on the substrate.
For this purpose, we used the fairly standard technique of
GISAXS. Whereas a structural analysis of the intensities observed
in GISAXS is considerably less straightforward than for an
isolated mesocrystal, obtaining lattice constant distributions
from an analysis of the peak widths is possible*® and proceeds
analogously to the situation for the single mesocrystal. The
analysis is described in detail in Section S3 in the ESI,{ while
the results are given in Table 1. The lattice parameter distribution
is also plotted in Fig. 3b (red patterned area). Its width of 2% is
considerably larger than the corresponding distribution for the
single mesocrystal (dotted red line). Its width is also much
smaller than the width of the size distribution of the nano-
particles in the dispersion (blue shaded area), although the
already mentioned caveat of a partial compensation by capping
ligands applies, rendering this last conclusion tentative. On the
other hand, any potential effect of the capping ligands in redu-
cing widths of lattice parameter distributions compared to
nanoparticle size distributions would affect all mesocrystals in
the same way. Therefore, the more than four times smaller width
in the lattice parameter distribution within a single mesocrystal
compared to the ensemble one also implies a much lower size
distribution width of the nanoparticles in one mesocrystal than in
all mesocrystals of the ensemble.

In contrast to previous investigations (e.g. by SEM), our
results are representative of the statistics of all nanoparticles
in a single mesocrystal, in all mesocrystals of an ensemble, as
well as in the initial dispersion. They imply that the crystallization
process, which is sketched in Fig. 3c, acts as a filter that selects,
from a dispersion of nanoparticles of various size, those having
approximately the same size, as indicated in various theoretical
studies.?**™° It is intuitively clear that nanoparticles that are too
large cannot be incorporated into a crystal lattice because they
will not fit or cause a large strain in the mesocrystal. Conversely,
too small nanoparticles would fit, but they would not realize
the bonding energy that ultimately stabilizes the crystalline
arrangement.>'®*"** Van der Waals interactions between particles
are not only smaller for smaller particles but also decrease rapidly
with increasing separation.'® This size selection mechanism raises
the question of how sufficiently matching nanoparticles reach
(and insufficiently matching nanoparticles leave) the nucleation
region of each mesocrystal, in order to allow the rapid formation of
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highly-ordered 3D superlattices. Agthe et al.** showed that meso-
crystal self-assembly can be described by a diffusion-driven two-
dimensional growth model proposed by Bigioni et al** It has
been shown that the onset of mesocrystal formation can be
related to a critical nanoparticle concentration and the formation
of a drying front, ie the interface between the saturated
dispersion and partially-dry regions, which suggests that pushing
oleate-capped nanocubes, similar to the systems studied here,
sufficiently close by a concentration increase or capillary forces
can promote the transition from a disordered cluster to a highly
ordered mesocrystal.>>*> The diffusion length of nanoparticles
that are in the vicinity of the drying front** (over 100 pm
according to ref. 46) permits exchange of particles that can be
included at energetically-favorable positions in the growing
mesocrystals and expulsion of unsuitable particles. However,
the very small size dispersity of the nanoparticles in an individual
mesocrystal indicates size selectivity during self-assembly that is
more dramatic than expected.

The intermediate size dispersivity found by GISAXS can be
explained in a straightforward way. Upon dispersion of the
nanoparticles on a substrate, mesocrystals of like-sized nano-
particles self-assemble. As a result, a collection of mesocrystals
is obtained with a small variation of sizes within each meso-
crystal, but with significant variations in nanoparticle size
between different mesocrystals, as sketched in the right panel
in Fig. 3c. This size fractionalization is in qualitative agreement
with theoretical predictions.”® The ensemble average, as measured
by GISAXS, corresponds to the overall variation of sizes in all of the
mesocrystals. For very small and very large nanoparticles, at the
tail ends of the size distribution, there are too few like-sized
nanoparticles in the dispersion. Therefore, these outliers do not
crystallize and are instead deposited individually on the substrate,
as also indicated in the right panel in Fig. 3c. This observation
explains the reduction in the distribution width of the mesocrystal
ensemble, as compared to that of the nanoparticles in the
dispersion. Furthermore, it also explains the observation that
mesocrystals can grow only from a dispersion of nanoparticles that
has a sufficiently narrow size distribution.'®?® If the distribution is
too wide, then there are insufficient numbers of like-sized nano-
particles present within each others’ proximity to form mesocrys-
tals of nanoparticles of any size. If the distribution is sufficiently
narrow for mesocrystals to self-assemble, then the individual
mesocrystals consist of nanoparticles of very similar size, with
good crystalline quality.

Conclusions

In summary, we have demonstrated a stringent size-selectivity
in the self-assembly of nanoparticles into mesocrystals. By applying
primarily X-ray diffraction to isolated single mesoctystals of rounded
cubic-shaped maghemite nanoparticles, we observed that they have
very good crystallinity, with very sharp Bragg reflections. A detailed
analysis of the integrated intensities of the Bragg peaks for an
isolated mesocrystal directly indicates that the size distribution of
the nanoparticles that make up this mesocrystal is much smaller
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than that of the nanoparticles in the dispersion from which the
mesocrystal was grown. Furthermore, a comparison of the lattice
parameter distribution widths from the Bragg peak shapes between
the single mesocrystal and the ensemble of mesocrystals indicates
that the size distribution width of all the nanoparticles in an
ensemble of mesocrystals is significantly larger than the corres-
ponding width for the nanoparticles within a single mesocrystal,
implying size fractionalization. These results show that, from the
many nanoparticles that are present in the initial dispersion, only
those that have an extremely similar size can crystallize into a
given mesocrystal. The availability of isolated and structurally
well-characterized single mesocrystals also opens the door to the
determination, e.g. by magnetic resonance techniques, of structure-
property relationships that may be hidden in ensemble averages.
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