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ABSTRACT

Supraparticles (SPs) are assemblies of smaller particles, and they form an interesting material class. One way through which
these structures can be formed is self-assembly (SA) in spherical confinement, and what makes them unique is that they combine
the properties of the smaller particles with collective properties arising from the length scale on which these smaller particles
are ordered. Additionally, the limited number of particles in an SP enables them to form structures that are not found in bulk
systems. An example of this is icosahedral symmetry, which is the equilibrium structure for SPs up to several hundreds of
thousands of particles. Although these icosahedral structures have been investigated through computer simulations and several
experimental techniques have been used to analyze them in 3D, the number of experimental datasets published is so limited
that no statistically relevant conclusions have been drawn so far. The experimental technique most commonly applied to study
them is scanning electron microscopy (SEM), but with this, only quantitative information about the surface of the SPs can be
obtained. By using a combination of 3D confocal and stimulated emission depletion (STED) microscopy on extremely well-index-
matched (within 0.002) fluorescent core-shell, colloidal silica spheres (of 442-478 nm in diameter with polydispersities below 1%),
we obtained full 3D real-space datasets of tens of SPs within several hours. The structures were classified based on bond order
parameters and deviations from local centrosymmetry, using an unsupervised machine learning model. From this, we are able to
correctly classify structures that are commonly misidentified using SEM. Additionally, the quantitative real-space analysis gave
experimental insights into the SA pathway and defect formation mechanisms of mostly icosahedral SPs.

arrangement of spheres [6-9]. While this phase has been shown
via free-energy calculations to be thermodynamically stable, it

1 | Introduction

It is well known that the equilibrium crystal phase of hard
spheres is the face-centered-cubic (FCC) structure, which also
maximizes the packing [1]. Interestingly, however, when these
same hard spheres are placed in spherical confinement, the
situation becomes much more complex [2-5]. In fact, the equi-
librium structure (up to on the order of 100 000 particles)
becomes a structure that cannot even exist in bulk: an icosahedral

does not correspond to the best-packed structure [10]. Note that
this prediction is not purely a theoretical concept: nanoparticles
and colloids dispersed in emulsion droplets that are then dried
have indeed been found to form these structures [6-11].

However, in colloidal systems, it is important to note that
many different parameters can affect the resulting self-assembled
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structure. First, while hard spheres are an excellent starting
point for predicting what forms experimentally, synthesized
nanoparticles and colloids are typically slightly soft (due, e.g., to
steric and/or screened charge interactions). A second parameter
that will play an important role is the drying rate, because
arriving at the free-energy minimum takes time. From simu-
lations, we know that when drying rates are sufficiently slow,
the full crystallization pathway can occur undisturbed. This
crystallization pathway consists of multiple steps. First, small
crystalline domains form on the surface that then grow toward
the center of the confinement, forming FCC-like (‘Mackay’)
tetrahedra and bulk icosahedral ordering. Second, the crystal
layers at the surface melt and reorganize into surface recon-
structed (anti-Mackay) outer termination [6, 8, 10, 12]. However,
if the drying speed is too fast, different pathways and structures
form. At the fastest drying rates, disordered glassy structures
form because the particles lack sufficient time to order. At
intermediate drying rates, “onion-shell” structures emerge. Here,
the interior may be disordered or icosahedrally ordered, while the
outer layers consist of hexagonally ordered concentric crystalline
shells [6, 12, 13].

Despite the relevance of SPs in diverse applications [14, 15],
ranging from catalytic supports [16] to photonic materials
[17, 18], the full 3D real-space structure of SPs has not yet been
investigated in detail experimentally [8, 9, 17, 19]. The main
reason for this lies in the difficulty of observing the internal
structure of the SPs. To date, in real-space these structures have
been analyzed using electron tomography [17, 20], where the
acquisition and reconstruction of a single dataset is rather time-
intensive. As such, these techniques are not suitable to obtain
statistically relevant results [21]. The same can also be said for
other techniques that have been used over the last few decades
to obtain real-space information of colloidal particles with sizes
below 500 nm. These techniques include ‘slice-and-view’, which
is a combination of focused ion-beam irradiation and scanning
electron microscopy (SEM) [22], X-ray microscopy [23], and X-ray
tomography (either synchrotron [24] or lab-based [25]).

Here, we explore the full 3D real-space structure of supraparticles
(SPs) by building on a technique that has previously been used
to obtain particle coordinates of particles smaller than 500 nm
[26, 27]. In their work, Willig et al. only analyzed three particle
layers [27], and it was never followed up on, as far as we know. The
technique relies on super-resolution confocal (3D) stimulated
emission depletion (STED) microscopy [28, 29], where we first
optimized several key parameters to ensure that it can be used
for larger crystals. These parameters include the fluorescent core
size in core-shell silica colloids [30, 31], SP washing procedure,
index matching, and the imaging conditions [32, 33]. After
optimization, we were able to analyze 10s of SPs with relative
ease, with the acquisition and classification of one SP taking
approximately 30 min.

In this paper, we focus on being able to obtain the coordinates of
particles assembled into icosahedrally packed SPs within a rea-
sonable time frame. We illustrate this for SPs made from spheres
with a diameter below 500 nm, which are especially useful for
photonic applications. This is important because it was found
that the 3D icosahedral quasicrystalline structure outperformed
the best-known photonic crystal lattice, namely the diamond

lattice [34]. Similarly, owing to the more spherical arrangement
of particles, icosahedrally arranged silica particles were found
to outperform SPs with FCC stacking of the same spheres in
terms of omnidirectional structural color [17]. Moreover, we
compare SP characterization by SEM analysis with quantitative
real-space analysis, where we highlight the ability to distinguish
onion-shell structures and defects, typically overlooked in surface
characterization techniques. We also briefly looked at the final
volume fractions of the different types of SPs.

2 | Methods

This section outlines the preparation and measurements of the
samples. The particles that were used consisted of fluorescently
labeled core-shell particles with core sizes of either 93 or 123 nm,
and a total diameter ranging from 442 to 478 nm [30, 31, 35-38].
For smaller core sizes, the fluorescent intensities are so low
that longer acquisition times are required, while not necessarily
improving the resolution.

For the shells, we found that this was around the minimal shell
thickness, where we do not encounter too many problems with
the overlap of the fluorescent domains. These particles were then
self-assembled using a simplified double-emulsion method as
described in Ref. [39]. For a detailed synthesis procedure, see the
Supporting Information.

2.1 | Confocal/STED
2.1.1 | Sample Preparation

To enable index matching and analysis without risking structural
damage to the SPs due to frictional forces and pressures, house-
made microscopy slides were used. These consisted of standard
microscopy slides (Menzel Glaiser) with an 8 mm circular hole
drilled into them, where a #1.5H high-precision cover slip (Men-
zel Glalser) was fixed to the bottom with UV-glue (Norland Opti-
cal Adhesive 68). The glue was cured with a handheld UV lamp
(UVGL-58, 6 watts, 365 nm) for at least 15 min before the samples
were prepared. The resulting microscopy slide contained a cylin-
drical well in which the samples were prepared without risk of
damage. For the sample preparation, 20 uL of SP sample (x0.3
vol% in water) was dropcasted in the cylindrical well and dried at
80°C for 10 min. Given that the SPs are made via vortexing, their
sizes range from 5 to 25 um. This means that some of the particles
might still be subject to Brownian motion during the analysis
as they redisperse in the index-matching mixture. To eliminate
this, 10 uL (1.6 mg/mL) 62 nm silica particles were added to the
dried SPs on the glass cover slip and heated for 10 min at 80°C.
These particles filled up the remaining free volume between the
supraparticle and the bottom cover slip, thereby fixing them in
place in the lateral direction. Once the samples had cooled, the
cylindrical wells were filled with 100 uL 80% glycerol/water (w/w)
immersion liquid. Next, a cover slip (Menzel Gliaser) was glued
to the top with UV glue, sealing off the spherical well. Here,
the slight excess volume that is obtained with 100 pL immersion
liquid ensures that no air bubbles are trapped inside the wells.
The glue was cured for at least 30 min with a handheld UV
lamp.
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2.1.2 | Confocal (STED) Microscopy

Confocal and STED microscopy measurements were performed
using a Leica TCS SP8 3X inverted confocal laser scanning
microscope. For our samples, we used a 93x/1.3 HC PL APO
CS2 STED objective (Leica #506417) and lens immersion liquid
of 80% Glycerol/water (w/w) with a refractive index of 1.4429.
From UV-vis absorption measurements, it was determined that
the FITC doped in the silica had an absorption maximum at
488 nm. The FITC dyed particles were, therefore, excited using
a white-light laser (SuperK) set to 488 nm with an intensity of
3%. The resulting fluorescence was detected on a hybrid detector
(HyD) between 498 and 582 nm, with a gating time of 0.3-
12 ns. Gating was used to ensure that no reflection signal was
captured. The reflection signal was separately captured on a
photon multiplier tube (PMT) detector between 478 and 498 nm.
Data was acquired in 16-bit depths, and lines were accumulated
4 times to increase the amount of signal per voxel. A scan
speed of 200 Hz was used, with image sizes of 512 x 512 px>
(with typical x,y pixel sizes of 20-50 nm) acquired at a z step
size of 80 nm, resulting in typical pixel dwell times of 2.43 ps.
Furthermore, a pinhole diameter of 0.7 Airy Units was used
to remove out-of-focus light. For STED measurements, a 592
nm continuous wave depletion laser (Leica STED) was used
with a typical intensity of 30%, and the 3D STED slider was
set to 100% to optimize the resolution in the axial direction.
Before each measurement, a STED beam alignment was per-
formed, and the motorized correction collar (motCORR) position
was optimized. The motorized correction collar is typically
used to correct for varying cover glass thicknesses, which are
approximately 5 um for the #1.5H high-precision cover slip.
These variations give rise to deviations in the scattering and
spherical aberrations observed when imaging through the glass.
The motCORR corrects for these abberations and this has as
additional feature that it can also be used to correct for slight
refractive index mismatches [40, 41]. The optimization of the
motCORR position was done by systematically varying the
motCORR, starting with steps of 10%, which were decreased as
the ideal position was approached. The quality of the motCORR
position was judged by eye by looking at the sharpness of
xz cross sections, acquired at the image settings used for the
data acquisition. As the motCORR position is slightly depth
dependent, the position was determined for the regions that
were to be scanned over. All measurements were done between
18.8°C and 19.5°C. The reason for this narrow temperature
range was to ensure that only small, motCORR compensable
fluctuations in refractive index occurred. Larger deviations in
refractive-index mismatch cause aberrations, which, in turn, lead
to overlap of the fluorescent domains, causing issues with the
particle localization. We generally found that refractive-index
mismatches of 0.005 were enough to cause particle localization
issues.

2.1.3 | Post-Processing

All images were acquired in the Leica Application Suite (LAS)
X software (v3.5.6), and processed using Huygens Professional
(v23.04, Scientific Volume Imaging). For further processing,
the data were stabilized by aligning adjacent z-slices using

cross-correlation, Lanczos interpolation, and iterative filtering.
After this drift correction, they were deconvolved using the
Classic Maximum Likelihood Estimation algorithm. In this algo-
rithm, the automatically assigned signal-to-noise ratio (SNR),
automatically assigned background estimation, a maximum
of 40 iterations (or until a quality threshold of 0.01 was
reached), and an acuity of 13.8 were used. The deconvolution
was performed on both the reflection and the fluorescence
signals.

2.1.4 | Particle Localization

Particle coordinates were extracted from the post-processed
microscopy data using trackpy (v0.6.3) [42], which is based on
the particle tracking algorithm of Crocker and Grier [43]. In
this localization, the particle diameter was typically set to values
between 300 and 400 nm in xy and to 550 nm in z, with a
minimal separation between 300 and 400 nm in all directions.
After particle localization, any loose particles that are not part of
the SPs were removed.

2.1.5 | Data Analysis

To classify the different local orders within the self-assembled
systems, we follow the method presented in Ref. [44]. We first
determine the nearest neighbors for each particle i using the
solid angle nearest neighbor (SANN) criterion [45], which also
provides a nearest neighbor radius, rgyyn(i)-

Next, we compute complex bond orientational order parameters,
with ¢ ranging from 1 to 12, which for a particle is i defined
as [46]:

1
mi) = —— Yym Ai‘ 1
WO = WZ(,U v (Fy) M

where Y are the spherical harmonics, 7;; is the unit vector from
particle i to its neighbor j, and N (i) denotes the set of nearest
neighbors of particle i. Following Ref. [47], we then average the
bond order parameter locally via:

1
GM () = — — m (K 2
@ ® 1+ |N(l)| ke{i}uzf\/(i)ql ) @

From these complex coefficients, we compute the real rotation-
invariant order parameters [47]:

1
4 0= 52 X |ar@| G)
m=—1

To complement these orientational descriptors with a measure of
positional symmetry, we first calculate the center of mass of the
nearest neighbors:

, 1
rNNC(l)zm 2 rij C))

JeN (D)
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Then, we normalize the distance between the particle and its NN
center by the NN radius:

[ri = ryne (D

Fsann (0

or (i) = ©)

This scalar parameter captures deviations from local centrosym-
metry and can help distinguish highly ordered environments
from asymmetric or interfacial ones.

Together, these descriptors form a 13D feature vector (per particle)
that encodes the local structure of each particle.

Then, we feed this data into the pre-trained UMAP and Gaussian
mixture models given in Ref. [44] to reduce the dimensionality
to 3 and classify particles into 20 clusters. Finally, we use the
entropy-based cluster merging [48] to reduce the number of
clusters to 12. We note that this is fewer than the number of
clusters presented in Ref. [44] since we reduced the number of
clusters to account for experimental tracking noise.

2.2 | Particle Size Determination

Intermediate particle sizes were determined using transmission
electron microscopy (TEM) images, captured on a Talos L120C
microscope with an acceleration voltage of 120 kV. From these
images, the particle sizes and polydispersities were determined
via an in-house developed Python script. This script is based on a
watershed algorithm to which distance transforms and automatic
thresholding are applied, before fitting ellipses to each particle.
The reason this method has not been applied to the final particle
sizes is that beam damage causes the silica particles used here to
shrink. This effect is already noticeable, even at minimal exposure
times (0.25 s) and dose rates (0.28 e/nm?s) at low magnifications.

Since the final particle sizes are used to calculate the packing
fraction, we did not determine the particle sizes from TEM
images. All polydispersities were determined from the TEM
images, as the shrinkage is consistent per sample.

Instead, the final particle sizes were determined from the particle
coordinates obtained from confocal microscopy. For each parti-
cle, the distance to its nearest neighbours was calculated. The
effect of possible defects or dumbbells was excluded by setting
a minimal distance of 0.85x the expected particle size and a
maximum distance of 1.05x the expected particle size. Due to pixel
biasing during the tracking, small offsets (of around 5 nm) in
the coordinates were systematically obtained. The outcome was
verified by measuring FCC-like domains that were parallel to the
xy-plane to minimize deviations resulting from optical effects in
the axial direction. The particle sizes in these FCC-like domains
were consistent with what was calculated based on the nearest
neighbor distances.

2.2.1 | Packing Fraction Determination
The packing fractions of the SPs were determined using a convex

hull-based approach (see SI). Each particle was first represented
as an icosphere comprising 642 vertices. From these vertices, a

convex hull was generated, corresponding to the smallest volume
that fully encloses all particles within the SP. The packing fraction
was then calculated as the ratio of the total particle volume to the
total volume enclosed by the convex hull.

3 | Results

As described in the experimental methods, SPs were prepared
using the simplified double emulsion method developed by Wang
et al. [39]. This was done because the flux of water through the oil
layer, and thus the self-assembly speed, can be controlled using
the osmotic pressure of the dispersion liquid [13, 49].

Since these emulsions were made through vortexing, a variety
of SP sizes (5-30 pm) were found and could be investigated
for one set of drying conditions. Within this size regime, the
supraparticles consist of around 2000 to nearly 200 000 particles.
As a result, the smaller supraparticles tend to reach equilibrium
and exhibit a higher degree of overall icosahedral yield, while the
larger supraparticles tend to be slightly out of equilibrium.

We began our analysis using the most conventional technique:
scanning electron microscopy (SEM). Although SEM has the
advantage that a large number of SPs can be analyzed relatively
quickly and easily, it provides no information about the internal
structure of the SPs. As a result, in past literature, SPs that
have a disordered outer shell have been commonly classified as
either disordered, spherical, or partially ordered [8, 50]. Here, we
quantitatively analyzed the SPs using SEM based on their surface
features. We categorized the SPs into three categories: crystalline,
partially crystalline, and disordered.

Specifically, SPs that consisted of fully truncated triangular and
rectangular domains with icosahedral symmetry were classified
as crystalline. If truncated triangular and rectangular domains
were present in combination with hexagonally or disordered
domains, it was classified as partially crystalline, and if it con-
sisted almost exclusively of hexagonally or disordered domains,
it was classified as disordered. The results are summarized in
Table 1.

In addition to the SEM, we also categorized the same sample of
SPs (meaning SPs from the same sample, but not the same SPs
themselves) using confocal/STED microscopy. This allowed us to
also examine the interior of the SPs. This structure determination
was based on 20 central z-slices of the internal structure, to allow
for the analysis of over a hundred SPs within 2 h. The results of
this analysis are also shown in Table 1.

We now compare the SEM and confocal/STED results. As a first
observation, we see that the fraction of disordered SPs in SEM
corresponds closely to the fraction of onion-shell SPs that was
observed with confocal/STED. Additionally, there is a noticeable
difference between the number of partially crystalline and fully
crystalline SPs between the two techniques. There are two reasons
why confocal/STED gives an apparently higher crystalline yield.
First, in STED, we only analyze the central part of the SPs.
Disordered domains are typically located at one side of the SP
and might be missed here. As such, quantitative analysis in this
way is prone to overestimation of the crystalline yield. Second,
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TABLE 1 | Quantitative analysis results from both scanning electron microscopy and confocal/STED microscopy. With SEM, the particles were

classified as disordered, whereas confocal/STED revealed that these were onion-shell structures.

Analysis technique SPs analyzed Crystalline (%) Partially crystalline (%) Disordered/Onion-shell (%)
SEM 197 54 36 10
Confocal/STED 110 64 28 8

structures, without clear faceting, that contained a partial single
concentrically ordered layer are difficult to distinguish from
fully crystalline structures. As such, both were classified as fully
crystalline SPs, whereas the former might appear as partially
crystalline in SEM.

To further examine the structure, we extracted all the particle
coordinates for 22 SPs using confocal/STED microscopy. All
of these supraparticles are provided as Supporting Information
and can be visualized in HTML5-compatible browsers. In these
supporting files, the supraparticles can be rotated (click and
drag), sliced along the viewing direction to make cross-sections
(top slider), and radially sliced to visualize the different layers
(bottom slider). We have also added ideal icosahedral and ideal
decahedral supraparticles for comparison. These were then fully
characterized and analyzed via an unsupervised machine learn-
ing algorithm as described in Ref. [44]. In contrast to Ref. [44],
where 16 distinct local particle environments were identified, the
algorithm was here adapted to classify 12 broader environments
to reduce the influence of positional noise in the tracked particle
coordinates.

A much richer set of structures was found than can normally be
observed from SEM data. Additionally, due to the larger number
of analyzed SPs, this also provides more information than the few
SPs that have been examined using other real-space techniques
in the past [17, 19]. In the following, several illustrative structures
will be discussed, including surface-reconstructed icosahedral
SPs, onion-shell SPs, where the inside is ordered, but the outer
layers form concentric rings, defective icosahedral clusters, and
decahedral SPs. For comparison, we have also added magic
number icosahedral and decahedral supraparticles, which are
generated with distorted FCC building blocks that maximize
packing and symmetry [8]. We note that, while this might be
comparable to what is obtained from experimental systems, these
structures might not be equilibrium SPs. The magic number
terminology comes from the fact that these supraparticles form
closed-shell structures. Experimentally, it is unlikely to obtain
a structure with an exact magic number. Instead, supraparticles
typically contain slightly more or slightly fewer particles.

Under spherical confinement, such deviations lead to the forma-
tion of alternative, more defective structures, as also observed by
Wang et al. [19].

3.1 | Icosahedral Structures

Among the SPs discussed here, icosahedral SPs have been studied
the most extensively in literature [3, 4, 6, 8, 12, 17, 50, 51]. In
Figure 1A, we show a SEM image of such an icosahedral SP,
which shows all the distinct surface features associated with

an anti-Mackay cluster. Namely, the truncated triangles that
alternate with truncated rectangles around fivefold axes, which
are decorated with several concentric rings [7-10]. Looking at the
cross-section of the ideal SP (Figure 1G), we can also see the indi-
vidual Mackay (triangular domains pointing radially inward) and
anti-Mackay tetrahedra (isosceles trapezoids pointing radially
outward on top of each triangular domain).

The anti-Mackay tetrahedra are also visible in the radial slice
in Figure 1B, where the outer layer is removed. This was
done to better visualize the machine learned and classified
clusters, as the surface contains fewer nearest neighbors, lead-
ing bond-order analysis to classify the surface as a single
class [44].

These anti-Mackay faces can now be identified as the truncated
triangles on the surface of this radially sliced cluster. By slicing
additional layers, the entire surface reconstructed shell can be
removed, as shown in Figure 1C. Here, the transition between the
anti-Mackay and the Mackay tetrahedra is visible. This transition
contains an edge, as expected, between two slightly deformed
FCC domains. One layer deeper in the crystal, we reach the
Mackay tetrahedral domain, as shown in Figure 1D. In this case,
the Mackay tetrahedra point inward, whereas the anti-Mackay
tetrahedra point outward. For this same SP, we also examined a
cross-section, shown in Figure 1E, where the previously discussed
features can be observed as well. The interior consists of Mackay
tetrahedra that converge toward the center of the SP. On the
outside, several anti-Mackay tetrahedra can be seen, but they are
present only in two of the six planes. This could indicate that the
crystallization rate might have been slightly too fast for complete
surface reconstruction to occur.

Another noticeable feature that is visible in the cross-section
in Figure 1E is that there is a defect line that runs throughout
the entire cross-section. This defect line is relatively narrow
on the right, but becomes progressively broader toward the
left-hand side. Wang et al. [19] simulated what happens when
the total number of particles deviates from the nearest magic
number structure and found that this can lead to several different
structures forming. There can be an accumulation of defects in
one or multiple tetrahedra, or there can be a formation of a so-
called wedge defect, which is what we observe here. Indeed, if we
compare the number of tracked particles to those in the magic
number clusters identified by Wang et al. [8], we see that we have
208 particles fewer than the nearest magic number structure. This
structure has 14 Mackay layers and 4 anti-Mackay layers, which
is indeed what we observe for the surface reconstructed domains
of this SP.

A similar cross-section was obtained for a smaller SP (Figure 1F)
containing about a third of the number of particles. For this
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FIGURE 1 | (A)SEM visualization of a surface-reconstructed icosahedral SP. (B-G) Particle coordinates were classified using a machine-learning-
based bond-order parameter analysis and are color-coded according to the different symmetry classes. The SPs are shown using two methods, which are

illustrated in the top right corner. For radial slices (B-D), depicted by @ we removed particles layer by layer starting from the outside. For this specific
visualization, we give both the total number of particles (n,, bottom left) and the number of particles remaining in the visualization (n,,4 bottomright).

For cross-sections (E-G), depicted by @, we take a slice through the center of the SP. (B) Radial slice revealing the anti-Mackay tetrahedra on the outer
surface of the SP, with only the outermost layer removed. (C) Radial slice after removal of the anti-Mackay tetrahedra (outer 3 layers), highlighting
the transition between Mackay and anti-Mackay tetrahedra. (D) Radial slice one layer deeper, where only Mackay tetrahedra remain. (E) Cross-section
through the center of the SP shown in (B-D), visualizing the threefold symmetry axis and revealing anti-Mackay tetrahedra in three of the six regions.
(F) Cross-section through a different SP along the threefold axis, showing the arrangement of Mackay and anti- Mackay tetrahedra in all directions,
which aligns well with the expected magic-number icosahedral structure. (G) Magic number icosahedral structure with particle coordinates modeled

and given by Wang et al. [8], serving as a comparison for the experimental results.

SP, no wedge defects were found, and the anti-Mackay structure
is visible around most of the SP. Interestingly, the Mackay
tetrahedra are not equally well defined everywhere.

Some appear more disordered than the others. This could be
explained by some tetrahedra having more time to fully crystallize
and reorder before twinning. This is in agreement with predic-
tions from simulations, which suggested that the tetrahedra grow
independently [6, 12]. Another feature that can be seen in this
SP is that an accumulation of disorder can be observed near the
surface at the five-fold axes. The migration of defects to these
positions is likely driven by the lower lattice strain near the
surface at the five-fold axes, similarly to how large particles tend
to migrate to these positions as well [52]. Like the previous SP,
this SP was also compared to the closest magic number structure,
which contains 9 Mackay layers, 4 anti-Mackay layers, and a total
of 6861 particles. Indeed, 9 Mackay layers are observed, but only 3
anti-Mackay layers are present. This discrepancy is likely because
the experimental SP contains 271 fewer particles than the magic
number cluster.

Moreover, we also compared the structures of both experimental
SPs to that of a magic number icosahedral SP, shown in Figure 1G
[8]. If we compare the Mackay tetrahedra of the experimental
SPs to those of a magic number cluster, we see that the general
features look quite similar. This is specifically noticeable for
the general symmetry of the small SP shown in Figure 1F. The
experimental systems are dried, which leads to a general increase
in the packing fraction and an appearance that is generally
slightly closer to FCC-like structures. This is an indication that

these magic number clusters are likely no longer equilibrium
structures.

3.2 | “Onion-Shell”-Type Supraparticles

Another type of particle that we were able to observe in detail
using STED/confocal microscopy was the onion-shell structure,
as shown in Figure 2. That we are able to characterize onion-shell
structures clearly demonstrates the importance of quantitative
real-space analysis, as this is a structure that requires information
about the inside of the SP. Figure 2A,D shows the exterior of
two different SPs that appear disordered. If quantitative measure-
ments were conducted using SEM, these SPs would be classified
as either partially ordered or disordered, depending on their
orientation [50]. However, when additional layers are radially
removed, the same Mackay icosahedral structure, as normally
found in fully crystalline SPs, is observed. We illustrate this in
Figure 2B by radially removing four additional layers of the first
SP. This indicates that the SP actually possesses a lot of order and
is likely to exhibit photonic properties similar to those of anti-
Mackay SPs. This similarity arises because the vast majority of
the ordered structure, which determines its photonic properties,
remains icosahedral.

For both SPs, we also show the cross-sections. In the larger SP,
shown in Figure 2C, an anti-Mackay tetrahedron is visible in the
extension of the upper Mackay tetrahedron, indicating that the
drying rate allowed for some surface reconstruction, but was too
fast to form a fully anti-Mackay structure.
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FIGURE 2 | Visualization of an onion-shell type SP. (A) Radial slice 2 layers deep in the SP, showing the disordered structure exterior. (B) Radial
slice 6 layers deep within the SP, revealing clear icosahedral symmetry. (C) Cross-section of the SP shown in (A) and (B), taken along the threefold axis,
illustrating the internal icosahedral symmetry and a disordered outer structure in four of the six symmetry directions. (D) Radial slice of a smaller SP,
highlighting its disordered outer structure. (E) Cross-section of the SP shown in (D), taken along the threefold axis, showing an internally ordered SP
with concentric rings in the outer 2-3 layers. (F) Confocal slice of the SP shown in (D) and (E), taken along the threefold axis, where the outer layer(s)

deviate from the underlying crystal structure.

For the smaller SP, shown in Figure 2E, no surface reconstruction
is observed. Instead, two complete concentric shells enclose the
ordered interior. These concentric shells are also visible in the
confocal slice shown in Figure 2F, where the SP happened to be
lying in an orientation that allowed for the acquisition of slices
along the threefold axis. In this figure, the transition between
the Mackay tetrahedra and the concentric shells is indicated by
arrows, highlighting local variations in the number of concentric
shells.

3.3 | Defective Supraparticles

Another important property of the SPs that can now be classified
in much more detail is the defects that occur in the SA, enabling
us to examine their influence on the optical properties in future
work. An example of defects was already shown in Figure 1E,F,
where wedge defects and disorder in some of the Mackay tetrahe-
dra were observed, respectively. In the following, we discuss two
additional examples, featuring different types of defects that can
be observed from real-space analysis, but are not apparent from
the external structure.

For most icosahedral SPs, the Mackay tetrahedra are found to
be symmetrically organized around the center of the SP in both
experiments and simulations. However, this is not the case for
the SP shown in Figure 3A-C. In the radial slice in Figure 3A,

the three Mackay tetrahedra on the right appear larger than the
two Mackay tetrahedra on the left. Without analyzing the full
structure, it is difficult to determine whether this is merely a
surface feature or if it affects the entire SP structure. However,
when examining the cross-section in Figure 3B, we observe that
the symmetry point is not centralized, a finding that is further
supported by the confocal slice in Figure 3C. One possible expla-
nation is that some of the tetrahedra were slightly larger prior to
twinning. If the growth of one or several of the tetrahedra starts
earlier than the others, it could result in an off-center symmetry
point. The resulting structure is most likely out of equilibrium,
but locked in due to kinetic effects. The independent growth
of the tetrahedra is in agreement with previous simulations of
the SP nucleation and growth in previous simulations of SP
nucleation and growth [6, 12]. A notable difference in the SP
shown in (Figure 3A) is that the Mackay tetrahedra extend
to the surface, with no anti-Mackay structure and barely any
concentric shells. The off-centered symmetry point could cause
the transition between Mackay and anti-Mackay structures to
become ill-defined. If anti-Mackay tetrahedra were to form, they
would adopt an equally large tetrahedral basis as the underlying
Mackay tetrahedra. Since these 20 tetrahedra differ in size, the
space between them cannot be filled in the same fashion as
for more symmetric anti-Mackay tetrahedra. This likely makes
surface reconstruction less favorable, leading to an adaptation of
the underlying Mackay tetrahedra’s geometry to minimize the
free-energy penalty in spherical confinement.
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FIGURE 3 | Visualization of defective icosahedral SP structures, highlighting two types of defects that are not visible from the external structure.
(A) Radial slice of the outer structure of an icosahedral SP, revealing Mackay tetrahedra. Some tetrahedra appear larger than others, indicative of an
off-center symmetry point. (B) Cross-section of the same SP shown in (A), demonstrating that the convergence point of the Mackay tetrahedra is not
centralized within the SP, deviating from the typical icosahedral symmetry. (C) Confocal slice of the same SP shown in (A) and (B), where the off-

centered symmetry point and the surrounding Mackay tetrahedra are shown as well. (D) Cross-section of three colloidal layers within an SP, revealing

a large structural defect. (E) Cross-section of the same SP, but now rotated to indicate the limited effect of the structural defect on the overall structure.
(F) Confocal slice of the same SP shown in (D), but now in the middle of a structural defect.

Another type of defect that cannot be detected by examining
the surface of the SPs is point defects or spherical inclusions. In
Figure 3D, we show three layers of an SP that reveal a hole in the
structure. This hole likely resulted from a stabilized oil droplet in
the water phase, forming a w/o/w/o emulsion.

During the drying process, this oil droplet became trapped within
the structure, creating the observed defect. This particular defect
has a diameter of approximately 1.2 um, equivalent to three
particles lying side-by-side, indicating that it is unlikely to have
originated from the particles used in the self-assembly. Interest-
ingly, this defect appears to have had only a limited effect on the
icosahedral structure of the SP. In the plane containing the defect,
two of the six expected Mackay tetrahedra are clearly visible, and
the icosahedral structure becomes even more apparent when a
cross-section is taken after rotating around the z-axis, as shown
in Figure 3E. This orientation shows similarities to the SPs shown
in Figure 1. The exception is that for this defective SP, no anti-
Mackay structure is observed. The number of particles in this
structure, 1870, is relatively close to the magic number for an
SP with eight Mackay and zero anti- Mackay layers, which has
1863 particles. As such, it is unsurprising that no anti-Mackay
or onion-shell structures are visible in this SP, which indeed
contains around Mackay layers.

3.4 | Decahedral Supraparticles

Decahedral SPs are typically found at low concentrations in
self-assemblies with high yields of anti-Mackay clusters [11, 12].
Theoretically, the maximum yield of decahedral SPs is 13% [12],
and under experimentally optimized conditions with a large
number of particles and fast drying rates, up to 10% can be
obtained [11]. The symmetry of these clusters is significantly
lower than that of icosahedral SPs. The most recognizable feature
is that there is only one fivefold symmetry axis running through
the middle of the SP. These clusters consist of five domains
that converge along the central fivefold axis, as clearly shown in
the ideal decahedral in Figure 4D. As with icosahedral SPs, the
five faces arranged around the fivefold axis consist of truncated
triangles, indicating an {111} FCC-like plane (Figure 4E). Along
the equator, the central plane perpendicular to the five-fold
axis, the particles are arranged in a square particle geometry,
characteristic of an {100} FCC-like plane, which can be seen most
clearly in the side-view provided in Figure 4G.

Here, we performed a real-space analysis on a decahedral
cluster and compared it to the magic number decahedral
cluster described in Ref. [12]. Our results are summarized in
Figure 4A-C,G. For the experimental cluster, the decahedral
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FIGURE 4 | Visualization and comparison of an experimental (A, B, C, G) and a magic number (D-F) decahedral SP, for which the coordinates
were obtained from [12]. In the radially sliced panels (A, D, G), the equator, the central plane perpendicular to the fivefold axis, is indicated by a red
line. (A) Radial slice of an experimental decahedral SP. (B) Cross-section along the equator, indicating that the five-fold axis runs throughout the entire
SPs. (C) Cross-section along one of the domain edges, where the arrows indicate the places where surface reconstruction on the {111} planes occurs.

(D-F) The same slices but now acquired for a magic number decahedral SP of approximately the same size. (G) Radial slice of the experimental decahedral

SP, showcasing the anti-Mackay features on top of the {111} planes and the additional five-fold symmetry that becomes apparent on the surface of the SP.

structure becomes evident after radially removing seven layers,
as shown in Figure 4A. This structure closely resembles the
magic number decahedral cluster in Figure 4D. From this radial
slice, we can clearly see the central fivefold axis running through
the SP. We also examined a cross-section along the equator for
this SP, shown in Figure 4B, which also resembles the cross-
section of the magic number cluster, shown in Figure 4D. The
fivefold symmetry is preserved throughout the entire structure,
as expected for decahedral SPs. One notable difference is that
the fivefold symmetry axis is slightly below the center of the
SP. This off-centered decahedral symmetry has been reported in
literature more often [11, 25, 53] and is suggested to have the
same origin as the off-centered icosahedral SPs, where some
tetrahedra grow slightly faster than others [12]. Furthermore,
we analyzed a cross-section along one of the domain edges
and observed a distinction between the experimental and magic
number SP structures. The experimental SP, in Figure 4C, exhibits
additional tetrahedra edges near the surface. These edges are
small, and little order is present. We investigated whether this was
related to the off-centered fivefold axis, but these features were
found in all five domains. These edges bear some resemblance
to the transition between Mackay and anti-Mackay tetrahedra,
suggesting that the experimental structure may be undergoing
a similar surface reconstruction to maximize its entropy. How-
ever, based on our observations, surface reconstruction in this
decahedral SP appears to be confined to the {111}- like planes
and was not observed on the {100}-like planes. This is likely
due to surface reconstruction being more favorable on {111}-like
planes than on {100}-like planes. The surface reconstruction is
more clearly visualized in the radial slice in Figure 4G, where it
can be seen on all {111}-like planes. Additionally, the presence of
these anti-Mackay tetrahedra introduces more fivefold symmetry
points at the surface. As a result, it is no longer straightforward
to accurately characterize this decahedral SP based solely on
surface features. Whether this phenomenon occurs more fre-

quently in decahedral SPs remains unclear, as not enough of
these particles were investigated at this stage. However, this
finding may provide another explanation for why these structures
are so rarely found in some samples, specifically in studies
targeting clusters where no magic-number icosahedral structures
are nearby. Finally, these findings are yet another example of the
importance of quantitative 3D real-space analysis, as it remains
the only method capable of accurately determining the underly-
ing decahedral structure and collecting statistical data on these
clusters.

3.5 | Packing Fractions

To further characterize the SPs, we measured their packing
fractions. The packing fraction of an SP depends on the definition
of the confining geometry. In this case, we defined the packing
fraction as the fraction of the volume inside the convex hull that
surrounds the SP occupied by particles.

We begin our analysis by looking at a few idealized cases, which
will act as benchmarks for our experimental SPs. We start by
looking at the smallest clusters consisting of a particle with a
single shell around it (in total, this cluster has 13 particles). Con-
sistent with the literature, we find that for an FCC arrangement
of particles, we have the highest packing fraction: 64.98%. An
icosahedral arrangement leads to a lower packing fraction of
63.47%. We then examined a wide range of “cookie-cutter” FCC
clusters, where a spherical cluster is cut out of a bulk FCC crystal.
The results are shown in Figure 5, and specifics for the individual
SPs are given in the SI, but we generally find that the packing
fraction increases slowly, not even reaching the bulk limit for five
million particles (where it hits 73.34%). We similarly looked at the
best packing of magic number icosahedral SPs, finding it stays
below the FCC results by around 2%.
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FIGURE 5 | Packing fractions of cookie-cut FCC clusters, magic
number clusters, and experimentally analyzed SPs.

Interestingly, we also examine the packing fraction of the magic
number decahedral SP and found that it is significantly higher
than the magic number icosahedral SP, and approaches closely
that of the FCC cluster.

On the experimental side, the smallest SP that we analyzed
(excluding the SP with the hole) contained 5854 particles, and
is the (partial) onion-shell SP shown in Figure 2D,E. This
particular SP had a packing fraction of 64.58% and contained
no defective Mackay tetrahedra. We also analyzed some other
SPs with fewer than 10 000 particles, which contained defects in
one or more of the tetrahedral domains. The first SP, containing
6590 particles, contains one defective Mackay tetrahedron, off-
axis to what is shown in Figure 1F. This SP has a packing
fraction of 64.18%, indicating that the defective structure causes
a slight decrease in the packing fraction. To study the effect of
more defects, we also analyzed an SP with 8047 particles, and
2-3 defective Mackay tetrahedra, which has a packing fraction
of 62.73%.

This supports our finding that the packing fraction decreases
with more defective structures, even if the number of particles
increases.

If we now look at slightly bigger SPs in Figure 5, we observe that
some experimental SPs actually have a higher packing fraction
than what was observed for the magic number cluster with
a similar number of particles. Both a partial onion-shell SP
with 11199 particles (67.78%) and a mostly anti-Mackay SP with
10286 (66.99%) have a higher packing fraction. Both of these SPs
have a high degree of icosahedral order and contain a single
wedge defect. One likely reason they appear higher is that they
contain fewer anti-Mackay layers. The anti-Mackays layers tend
to pack less efficiently because there are more particles outside
the distorted FCC (anti-Mackay tetrahedra), causing the overall
packing to be lowered. Both experimental systems contained
(locally) at most 3 anti-Mackay layers, but generally fewer, as they
were also slightly egg-shaped. This allowed them to adopt fewer
anti-Mackay layers along the minor axis. Whether the egg shape
was a result of maximizing the packing is unclear.

At even larger particle sizes, we found fewer anti-Mackay struc-
tures, but more off-center structures, likely because of drying
rates used in the self-assembly. Due to the independent-growth
mechanism of the tetrahedra, some tend to be larger, and if not
enough time is available for reorganization, these structures lock
in due to kinetic effects. We note that these structures are likely
not equilibrium structures and are mostly the result of kinetics.
As these off-center SPs were typically found with little to no
surface reconstruction, it is not that strange that these structures
also appeared with higher packing fractions. Approaching even
larger clusters, we also found a SP that exhibited more FCC
properties, and unsurprisingly, this also has a relatively high
packing fraction (67.58%). Finally, we note that structures that
only have some ordered domains tend to have a lower packing
fraction, and that the most disordered SPs were found to have the
lowest packing fraction.

4 | Conclusion

In summary, we have successfully studied a variety of SPs using
quantitative confocal/STED microscopy on fluorescent core-
shell silica particles < 500 nm in diameter. The analysis through
bond-order parameters using a UMAP-based machine-learning
algorithm proved to be a good way of identifying icosahedral
symmetry within these experimental datasets. From the analysis
of the icosahedral structures, we are able to confirm that the
tetrahedra grow individually. The presence of defects in some
tetrahedra, but not in others, is an indication that the Mackay
tetrahedra grow independently from each other. We also found
confirmation of the formation of wedge-defects when the
number of particles in the SP deviates from close-shell structures.
When the SPs exhibit (wedge-)defects, we found that the packing
fraction generally decreases. Structures with barely any defects
were found to come close to the packing fraction of the magic
number clusters, while supraparticles with fewer anti-Mackay
layers were found to yield even higher packing fractions. Here, we
also demonstrated the ability to classify the onion-shell structures
from full 3D data. This enables more precise classification than
is available for currently used surface-based analysis techniques.
As demonstrated here, the surface does not always represent the
underlying structure. Moreover, we found strong indications that
concentrically ordered shells first crystallize at the outside of the
SPs, and that these later reorder to form anti-Mackay structures
to minimize their free energy. Too fast drying rates prevent this
surface reconstruction from fully happening, resulting in the
formation of onion-shell structures.

Additionally, we found that spherical inclusions formed by
“droplet-in-droplet” systems did not affect the ordering of the
structure where these droplets got trapped. We also found new
evidence regarding the elusive nature of the decahedral SPs.
Namely, we found first indications that these can also possess
surface reconstructions, making it more difficult to accurately
characterize these with commonly used surface analysis tech-
niques. Clearly, our results for these supraparticles indicate that
this method is easily generalizable to other colloidal structures
self-assembled from photonically relevant particles with diame-
ters less than 500 nm. In future work, it will be interesting to be
able calculate the photonic properties of the analyzed structures
and compare these to experimental measurements.
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