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Spontaneous organization of supracolloids into
three-dimensional structured materials

Mohammad-Amin Moradi®'2328 E, Deniz Eren®'238 Massimiliano Chiappini?,
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Periodic nano- or microscale structures are used to control light, energy and mass transportation. Colloidal organization is the
most versatile method used to control nano- and microscale order, and employs either the enthalpy-driven self-assembly of
particles at a low concentration or the entropy-driven packing of particles at a high concentration. Nonetheless, it cannot yet
provide the spontaneous three-dimensional organization of multicomponent particles at a high concentration. Here we com-
bined these two concepts into a single strategy to achieve hierarchical multicomponent materials. We tuned the electrostatic
attraction between polymer and silica nanoparticles to create dynamic supracolloids whose components, on drying, reorganize
by entropy into three-dimensional structured materials. Cryogenic electron tomography reveals the kinetic pathways, whereas
Monte Carlo simulations combined with a kinetic model provide design rules to form the supracolloids and control the kinetic

pathways. This approach may be useful to fabricate hierarchical hybrid materials for distinct technological applications.

nization of matter from the molecular level, through the

nano- and mesoscale domains, up to the macroscopic level'.
Colloidal assembly, which deals with interactions between particles
of Inm to 1pm in size**, provides generically applicable strate-
gies for the organization of multiple types of colloids*’. Examples
include the use of hydrophilic-hydrophobic interactions®, electro-
statics”® and DNA base pairing”'®. These interactions can control
the formation of either nanoscale assemblies, which remain stable
in solution’, or meso- to macroscale structures, which form pre-
cipitates®®'!. In the absence of the specific interactions mentioned
above, colloids can spontaneously organize at high concentrations,
driven by entropy. Here spontaneous means that the assembly
in three dimensions (3D) occurs in a single step during drying.
Spherical particles will typically form face-centred-cubic or hexago-
nally close-packed lattices'?, which can be controlled through the
use of surface templates" or spherical confinement'. The forma-
tion of exotic mesophases through the simple drying of dendritic
molecules'>'® sparked great interest in the role that shape and
entropy play in the organization of particles into complex structures
at high concentrations'’~*". Simulations showed that by controlling
particle shape, it is possible to spontaneously form a wide range of
structures, which include crystals, quasicrystals, liquid crystals and
plastic crystals'”***. Entropy-driven assembly through controlled
drying has been extended to the formation of 2D binary*~* or ter-
nary”’ nanoparticle superlattices, which in a layer-by-layer approach
can be used to make hierarchically structured materials®. Open

O ne of the grand challenges in materials science is the orga-

ordered porous materials obtained by mixing binary systems have
been reported, in which polymer particle templates are employed
for photonic crystals or catalyst supports from oxides like silica
or titania®'~*. However, the formation of hybrid materials with a
nano- and mesoscale order through the spontaneous 3D hierarchi-
cal organization of colloids that consists of two or more components
is not achievable through either of these strategies and remains a
key challenge in materials science.

In this work, a design strategy is presented in which interfacial
chemistry is used to create multicomponent building blocks®** that
are dynamic over a wide range of concentrations. The building
blocks are supracolloids: hybrid particles formed from a polymer
core and a corona of several silica nanoparticles (SNPs). Creating
supracolloids by the assembly of nanoparticles around cores through
opposite-charge interactions has been discussed” . At high con-
centrations (during drying), the supracolloids organize as distinct
individual building blocks. During this secondary organization step,
the constituent components of the supracolloids spontaneously
reorganize and form, driven by entropy, macroscopic materials with
a 3D nano- and mesoscale order. Their morphology is determined
by the size, shape and interfacial chemistry of the individual compo-
nent particles, as well as by the dynamic structure of the supracolloid
and the entropy-driven reorganization process on drying (Fig. 1a).

Formation and analysis of the supracolloids
We demonstrated this general concept using SNPs (10 and 30 nm)
surface functionalized with 3-aminopropyl triethoxysilane (APTES,
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Fig. 1| Synthesis and self-assembly of the supracolloids. a, Schematic showing the binary assembly strategy for colloidal organization. b, Surface
functionalization of SNPs. ¢, Plot of the zeta potential of SNPs and PSL spheres versus pH, showing that at low pH there will be a strong attraction
between the functional SNPs (1:50 functional group:SNP) and PSL particles. The error bars represent the standard deviation in the mean for three
measurements. d, CryoTEM images of mixtures of 30 nm SNPs and 100 nm PSL spheres at pH 10 (left, not assembled) and pH 2 (right), showing that
at a low pH the SNPs form a close-packed structure on the surface of the PSL spheres. e, CryoTEM images of mixtures of 30 nm SNPs and 100 nm BA/
MMA spheres at pH 10 (left, not assembled) and pH 2 (right), which show that at a low pH the SNPs form a close-packed structure on the surface

of the PSL spheres (for BA/MMA and SNP supracolloids, see Supplementary Figs. 7-9). f h, Analysis of the dispersity of the SNP nearest-neighbour
network on the surface of a 100 nm (f) and a 150 nm (h) PSL sphere covered by nominal 30 nm SNPs. g, Plot of the number of SNPs on the surface of

a single PSL sphere (ngyp) versus the supracolloid radius (r,,.coi0a) With the blue and orange arrows corresponding to the examples shown in f and h,
respectively. The range of the supracolloid radius is due to its natural dispersity and the error bars indicate the standard deviation in the mean according
to the procedure for determining the radius. The maximally achievable coverage of a larger sphere by smaller spheres based on Mansfield*° is shown as

the red dashed line in g.

pK, ~7) (Fig. 1b), polystyrene latex (PSL) spheres (100, 140 and
170 nm) with sulfonic acid surface groups (pK, ~1) and butyl acry-
late/methyl methacrylate (BA/MMA) spheres of 80 nm synthesized
using starved-feed emulsion polymerization with equal wt% mono-
mers in 1wt% SDS (surfactant), Na,CO, (buffer) and 0.25wt%
potassium persulfate (initiator) solution. Zeta potential measure-
ments over a range of pH values show that at a high pH both com-
ponent particles display a negative charge, whereas at a low pH the
SNPs become positively charged due to protonation of the surface
amines (Fig. 1c). To create our supracolloids, we mixed solutions

of SNPs with PSL spheres in a range of pH values, ionic strengths,
particle concentrations and particle number ratios (Supplementary
Tables 1 and 2). Cryogenic transmission electron microscopy (cry-
oTEM)* was used to qualitatively assess the formation of the supra-
colloids (Fig. 1d,e and Supplementary Figs. 1 and 2). At pH>7, the
SNP and PSL particles remained separated, whereas at pH <5, par-
ticles assembled into discrete multicomponent supracolloids. Under
specific conditions (APTES to silica 1:50, ionic strength 0.3 mM, pH
~2-3), it was possible to create supracolloids with SNPs that fully
covered the surfaces of the PSL spheres (Supplementary Fig. 3).
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After optimizing the assembly conditions, cryogenic electron
tomography (cryoET) was performed to quantitatively analyse the
spatial organization of the SNPs on the PSL surface (Fig. 1f-h and
Supplementary Figs. 4 and 5). For spheres to form a close-packed
structure on a surface it is essential to avoid irreversible random
sequential absorption*', which requires a detailed balance of absorp-
tion-desorption and particle hopping. On a flat surface spheres will
pack, driven by entropy, into a six-coordinate arrangement. This
is not possible on a curved surface, so spheres must pack into a
mixed six and non-six coordinate arrangement”. Euler proposed
that the spheres with non-six coordination numbers (c) can be con-
sidered as point defects, characterized by a disclination charge g,
where g=6-c (ref. **). Bausch et al. showed that as the particle size
ratio increases, these point defects become too energetically costly
and linear arrays of disclinations or ‘grain boundaries’ are formed
instead; here the size ratios were below these at which grain bound-
aries should form****. The SNPs packed into a mixture of four, five,
six and seven coordinate arrangements in which the total number
of SNPs and the coordination numbers depended on the particle
sizes and size ratios (Fig. 1f-h and Supplementary Fig. 6). For every
supracolloid examined, the mean radius and its associated standard
deviation were calculated by averaging the distance of each SNP
centroid (extracted from electron tomography data) from the calcu-
lated centre of the supracolloid.

Formation and analysis of the 3D structured materials

To organize the supracolloids at high concentrations into hierarchi-
cally structured materials, solutions were dried on a variety of sub-
strates (amorphous carbon, silicon wafers and glass slides) under a
range of temperatures (4, 7, 10, 18 and 22 °C), and a range of relative
humidities (60, 65, 75, 95 and 99%). In some cases, the supracolloid
samples contained excess SNPs (Fig. 2c-f, top row); however, dur-
ing drying, the excess SNPs separated from the supracolloids due
to the phenomena of stratification®, and were typically found at a
different locations of the substrate compared with those of the hier-
archically structured materials. Moreover, cryoTEM analysis of the
supracolloids after centrifuging and removing the free SNPs shows
the supracolloids to be intact (extra information is given in the
Supplementary Discussion and Supplementary Fig. 10). After dry-
ing, a more optimally packed structure arose by reorganization such
that a single layer of silica separates the latex particles, and silica par-
ticles filled the tetrahedral and octahedral holes of the close packed
structure of the supracolloids. The surface of the hybrid assemblies
was analysed by scanning electron microscopy (SEM) (Fig. 2 and
Supplementary Table 3). Figure 2a—f shows the most ordered struc-
tures obtained for each SNP/PSL combination, in which the SNPs
formed a dense network around the PSL spheres. After depolymer-
ization at ~500°C, close-packed structures were still present (Fig.
2a-f, third row) with more or fewer faults, which resulted in some-
what different sixfold fast Fourier transform (FFT) patterns (Fig.
2a-f, fourth row). A summary of domain sizes and wall thicknesses
is given in Supplementary Table 4 and Supplementary Figs. 11-14.
Volume imaging using focused ion beam SEM (FIB-SEM) tomog-
raphy (Fig. 2g,h) shows the hexagonal organization of the supra-
colloids in 3D, which underlines that they, indeed, act as spherical
building blocks that organize in 3D at high concentrations, driven by
entropy. Close inspection of the internal (Fig. 2i,j) and surface (Fig.
2k 1) structure of the porous SNP network showed that the SNPs
reorganized prior to drying to form a close packed (entropically
favoured) structure (rewetting disturbs the order (Supplementary
Fig. 15)). This can be seen from the filled ‘interstitial sites’ between
the supracolloids (Fig. 2j) and the long-range order observed in
the FFT (Fig. 2m) and inverse FFT (Fig. 2n). The FFT showed an
arced sixfold pattern, which indicates the SNPs also packed hexago-
nally with some distortions to the long-range order. The sizes of the
domains extended from submicrometre to over tens of micrometres
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(Supplementary Fig. 16). For the 100nm PSL-30 SNP and 100 nm
PSL-10 SNP combinations, the domain sizes were between 1 and
10 pm, whereas for the combinations that involved the 140 nm PSL
and 170 nm PSL, where the droplet surface curvature played a role,
the domain size was 10-100 pm, with a depth of about ten layers.
Supplementary Fig. 17 shows FIB-SEM lamella images of dried
supracolloids as measured by TEM at different tilt angles and the
order in the supracolloid and homogeneity in the SNP distribution.

The dynamics between the SNPs and the PSL spheres on the
supracolloid surface seems to play a key role in achieving a hier-
archical 3D organization by allowing the formation of entropically
favoured structures prior to full solvent evaporation. However, the
formation of the supracolloids was an essential first step in obtaining
well-ordered macroscopic materials. Drying solutions of dispersed
particles resulted in disordered or macroscopically phase-separated
areas of the individual SNPs and PSL spheres (Supplementary Table
3). This is explained by the phenomenon of colloidal stratification,
which describes how particles of different sizes phase separate dur-
ing drying®. In fact, even for solutions that contained highly ordered
supracolloids at low concentrations (as analysed by cryoTEM), dry-
ing may result in disordered and macroscopically phase-separated
materials (Supplementary Table 3).

Analysis of the organization pathways

To investigate the different organization pathways, from highly
ordered supracolloids to either ordered or disordered macroscopic
materials, time-resolved cryoET was performed during the drying
process (Fig. 3 and Supplementary Figs. 18-20). For samples that
resulted in disordered structures, we observed the formation of
intermediate supracolloid clusters (Fig. 3a,c). These clusters consist
of two or more PSL spheres of which the surrounding SNP layers
are not preserved due to a rearrangement of the supracolloids from
their initial organization in solution. Without this dynamic reorga-
nization, a double SNP layer would always be present between two
adjacent PSL spheres (Fig. 3b,d,e). However, in many of the clusters
we observed only a single layer of SNPs (Supplementary Fig. 19)
or even direct contact between two PSL spheres (Supplementary
Fig. 18l). Subsequent to the reorganization clearly demonstrating
that supracolloids are dynamic, the PSL:SNP number ratio and the
SNP coordination number decrease on further drying due to disas-
sembly and phase separation (Supplementary Fig. 18m). Hence, to
form hierarchically ordered hybrid materials, PSL cluster formation
should be avoided as this results in the irreversible disassembly of
the building blocks in the early stage of drying.

Indeed, for pathways that lead to highly ordered materials we
observed that the supracolloids remain separated (that is, no clus-
tering was observed) until they organized into a hexagonal lattice
at sufficient high concentrations (Fig. 3d and Supplementary Fig.
20). Importantly, cryoET showed that their PSL:SNP ratio and
the SNP nearest-neighbour network was still the same as that for
the initial dispersed system at a low concentration (Fig. 3e). This
even holds for the situation in which some of the SNPs from neigh-
bouring PSL spheres are within the same distance as those on the
same PSL sphere (Supplementary Fig. 20). For the close packing of
spheres that have the same charge, the separation distance is dic-
tated by both geometric considerations and electrostatic repulsion
between the particles. Consequently, we infer that here the supra-
colloids were kept apart by the electrostatic repulsion between SNPs
on adjacent assemblies. Therefore, this stage of organization repre-
sents the most optimal packed structure the supracolloids can form
without reorganization. During drying, a more optimally packed
structure arises by entropy-driven reorganization in the almost dry
state, in such a way that the structure changes from a two-particle to
a one-particle silica interlayer between the latex particles. The silica
particles probably go into the tetrahedral and octahedral holes, as
they cannot move far in the jammed structure (Fig. 3). In support


http://www.nature.com/naturematerials

NATURE MATERIALS

Fig. 2 | Electron microscopy analysis of the macroscopic materials. a-f, The first, second, third and fourth rows show cryoTEM images of the supracolloid, SEM
images of the different samples after drying, SEM images after removal of the PSL spheres by depolymerization at 500 °C and the corresponding FFT results of
the structures, respectively, of 100 nm PSL, 30 nm SNP (@), 140 nm PSL, 30 nm SNP (b), 1770 nm PSL, 30 nm SNP (c), 100 nm PSL, 10 nm SNP (d), 140 nm PSL,

10 nm SNP (f) and 770 nm PSL, 10 nm SNP (f). g, Reconstruction of 3D FIB-SEM tomography data. h, Surface rendering of the reconstructed volume showing the
hexagonal arrangement of the supracolloids. i, FIB-SEM cross-section showing the arrangement of SNPs that fill the interstitial spaces between the PSL spheres.
j, High magnification from the same region as in i. k, SEM image showing the hierarchical ordering of the SNPs in the dried material. I, High magnification from
the same region as in k. m, FFT of the SEM image in k showing the hexagonal nano/meso arrangement of both the PSL spheres (information in the centre) and
the SNPs (information in the highlighted circle). n, Inverse FFT of the highlighted area showing the hexagonal lattice of the SNPs. Scale bars, Tpm.
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Fig. 3 | Analysis of the supracolloid 3D organization by cryoET. a,b, Schematic representation showing the rearrangement of the 30 nm SNPs at the 100 nm
PSL surface during slow (a) and fast (b) drying. Although during slow drying rearrangements of the SNPs into secondary layers (shown in green) occurs, this
effect is basically absent for fast drying. ¢, CryoTEM image of a supracolloid cluster formed in which SNPs rearranged during slow drying. d,e, z slice from
the tomographic reconstruction of a non-clustering supracolloid sample in the concentrated regime during fast drying (d) and the coordination map for the
SNPs in d showing the undisturbed surface packing (e). For details of the data analysis, see Supplementary Fig. 5. Scale bars, 200 nm.

of the above, zeta potential measurements showed that the overall
charge of the supracolloids in Fig. 3 was +9 and +25mV for the
disordered and ordered systems, respectively. According to the
Derjaguin-Landau-Verwey-Overbeek theory, higher zeta poten-
tial measurements correlate with particle stability*>*’, which indi-
cates that forming supracolloids with higher total surface charges
is essential to preserve the supracolloid integrity and avoid cluster
formation. However, the overall charge on the supracolloids is not
the only factor in determining structural evolution during con-
centration increase caused by drying. The drying time should be
smaller than the reorganization time, to prevent the reorganization
shown in Fig. 3a, but the repulsive forces between the supracol-
loids, decreasing with increasing ionic strength, should remain suf-
ficiently present to promote the formation of the structure shown in
Fig. 3b. Although most colloidal organization strategies involve dry-
ing samples as slowly as possible, in some case over several days*,
we observed that drying times of ~30 minutes resulted in ordered
materials, whereas drying times longer than one hour resulted in
disordered materials (Supplementary Table 3).
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Modelling supracolloid formation and organization

We modelled the kinetics of the assembly process by considering
how the relative concentration of each species evolves with time
during the drying process (Fig. 4a). We considered a system of SNPs
at a concentration S, which may stick to the PSL surfaces with N
positions available on each PSL. The concentration of PSL spheres
with n SNPs stuck to it is P,. The formation of a PSL particle cov-
ered with n SNPs can be due to adsorption of an SNP on a PSL
particle covered with n—1 SNPs, as described by a rate constant k;
or desorption of an SNP from an PSL particle covered with n+1
SNPs as described by a rate constant k,. Adsorption requires the
proximity of an SNP and PSL particle covered with n—1 SNPs, so
that the rate of formation is second order. Desorption depends only
on the PSL spheres covered with n+1 SNPs and is thus first order.
As in the simulations drying is not taken explicitly into account, for
simplicity this effect was incorporated by taking cluster formation
as irreversible with rate constant k,. For simplicity and to limit the
number of parameters within the model, the rate constants k;, k, and
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Fig. 4 | Modelling and optimization of the colloidal organization process. a, Schematic of the assembly reaction network showing the various pathways to
ordered and disordered materials of 100 nm PSL and 30 nm SNP. b, Concentration of P, versus time according to the population balance from equations
(1) and (2), which shows the maximum at t,=~1,800s. In this example the parameter values used were P,(0) =1Tmolm=3, S(0) =1m~3, k;=Tm3s'mol™,
k,=1s7"and k;=0.001m3s"mol". ¢, Phase diagram generated by Monte Carlo simulations of the binary assemblies for a range of charge numbers of the
small and large spheres, Z; and Z,. The background is coloured according to the number of SNPs on the surface of the supracolloids.

ky were assumed to be independent of the number of SNPs on the
composite particles.

The population balance equations for a composite particle of n
small SNPs surrounding a PSL are given by:

dpP,
dt

N
:kf(Pn—l_Pn)s_kb(Pn_Pn+1)_denZPi (1)
i=0

ds N—-1 N
== . ; 2
dt kaiZO:PI_'_kb;PI ()

Measuring all these rate constants, especially during drying, in
which the solution conditions (concentration, ionic strength, pH
and so on) continuously change would be extremely challenging.
However, it is clear that the concentration of fully covered PSL
spheres (P,.,,) goes through a maximum at time ¢, (Fig. 4b), where
x is dependent on k;, k, and kg, and ¢, indicates the time that corre-
sponds to the maximum concentration of P, in the system. In the
simulation we assumed that P, =P, To achieve the supracolloid
morphology shown in Fig. 3¢, the drying time should be optimized
to coincide with t,. In particular, sufficient repulsion between the
supracolloids should remain present until they are fixed in a hex-
agonal pattern, in which some reorganization can take place and
lead to a single layer of SNPs between PSL spheres.

To develop basic design rules for the formation of the supracol-
loids, Monte Carlo simulations were performed by considering the
solution as a binary mixture of hard spheres with diameters ¢, and
0, and a positive and negative surface charge density, which interact
via a Yukawa potential®, to account for the screening effect of the
salts in solution. The two particles of species i and j interact via the
potential:

oo T'ij Satj
ke,
pU(rz) = ﬂAijm’ 0;;<r;j<r, (3)
0 Tij>1c

with f=1/k;T (T is the temperature of the solvent), k=1/4; (4
is the Debye screening length in solution) and r; is the distance

between the particles. Also, the potential is cut at a cutoff distance
r. equal to 54y,

In particular, the amplitude of the potential A; depends on the
surface charge of the species as:

_ /B ZiZj K
T o (11 koy/2)(1 + koy/2) (4)

PA;;

where 4y is the Bjerrum length, and Z; and Z; are the charge numbers
of the two species. To study the aggregation process of SNPs onto
the surface of the PSL, we set up a simulation box with one PSL fixed
in the centre of the box and SNPs free to move in the simulation
box. We started the simulation at high temperatures, at which the
SNPs are free to diffuse due to thermal agitation. Simulated anneal-
ing by quenching the system to lower and lower temperatures then
triggered its energy-driven aggregation process and at temperature
T ~ 0 provided extremely low-energy states of the system of one
PSL and many SNPs (Supplementary Video 2). We performed the
aggregation study for many different values of the particle charges
and determined the final cluster structures, which resulted in a state
diagram as a function of charge numbers of the small and large par-
ticles, Zs and Z;, respectively, for the design of the supracolloids (Fig.
4c). Using this state diagram, it is synthetically simple to optimize
the supracolloid morphology for our strategy towards hybrid mate-
rials, as the respective surface charges on the individual particles
can easily be tuned using surface chemistry and solution conditions.

Outlook

Here we present the design and formation of hierarchically ordered
materials through the colloidal assembly of spherical binary supra-
colloids using a general strategy that can be extended to colloidal
systems with more components or even non-spherical building
blocks. Intrinsic to this design is that enthalpic interactions cause the
formation of the supracolloids, which subsequently self-assemble
into 3D ordered structures driven by entropy, whereafter some rear-
rangements driven by enthalpy can occur. This two-step mechanism
requires a subtle balance of the particle size ratio, energetic interac-
tions (dictated by the surface chemistry and solution conditions)
and the kinetics of the drying process. In addition, it is important
that the dynamic nature of the supracolloids is maintained dur-
ing the hierarchical self-assembly process and that phase separa-
tion and stratification are avoided. Given the versatility of colloidal
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self-assembly and the simple design rules provided here to optimize
the system, we anticipate that this fundamental approach will lead
to new hierarchical hybrid materials, which benefit from a modular
building block assembly. The redefinition of the building block at
different scales will be key to move from hybrid materials to multi-
component and multiscale hierarchies. High-surface-area materials
in absorption, catalysis and multicomponent nanostructures with a
controlled flow in porous media are potential applications for these
well-controlled materials.
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Methods

Materials. Aqueous suspensions of PSL spheres were obtained from either
Sigma-Aldrich (LB1) or Fisher Scientific (Distrilab) and used as received. For

the size-effect experiments, we used 110 nm (standard deviation 14 nm, volume
concentration 10%) PSL spheres (Aldrich) with 0.1% sodium azide preservative
and surfactant, 140 nm PSL spheres (volume concentration <5%) and 170 nm PSL
spheres (volume concentration <6%) with a trace amount of surfactant. L-lysine
was supplied by Fluka and tetraethyl orthosilicate was obtained from VWR.
APTES was ordered from Merck (Sigma-Aldrich). pH buffers were prepared as
shown in Supplementary Table 1.

Synthesis of SNPs. SNPs were synthesized using the Yokoi method®', employing a
similar procedure to that of Carcouét et al.”". L-lysine (100 mg; Fluka) was dissolved
in pure water (100ml) in a three-neck 250 ml flask, and the reaction solution was
magnetically stirred (270 r.p.m.) at 60 °C under reflux. Later, the reaction was
initiated by adding tetraethyl orthosilicate (6 ml for 30 nm SNPs and 0.6 ml for
10nm SNPs; VWR) in one swift motion to the reaction solution. The reaction was
terminated after 24 h (ref. *?). For 30 nm SNPs, size measurement of the resulting
particles by dynamic light scattering (ZetaNano) gave a Z average diameter of

31 nm and an intensity averaged particle diameter of 35 nm. CryoTEM imaging
and analysis showed an approximate size of about 26 nm. For 10 nm particles,
dynamic light scattering gave a Z average diameter of 11 nm and an intensity
averaged particle diameter of 13 nm. CryoTEM analysis indicated an approximate
size of about 9 nm.

Surface functionalization of silica nanoparticles. The colloidal silica suspension
was diluted to 10wt% (pH ~9), and a 1 wt% silane solution in water (pH ~11) was
slowly added with vigorous stirring. The initial amount of APTES and colloidal
silica used was such that the silane:silica weight ratio was kept at 1:200, above
which the particles rapidly coagulated. The silane:silica mixture was then washed
by repeated centrifugation and replacement of the supernatant at least five times.
Ultrapure water (resistivity 18 MQ cm by Milli-Q water purifier) was used in all the
experiments™.

Self-assembly of supracolloids. A stock dispersion was prepared by diluting PSL
1:10 with water. The added buffer volume was calculated based on the desired ionic
strength for the specific sample volume (Supplementary Table 1). The remaining
sample volume was then split between the PSL stock dispersion and a (modified)
SNP solution to a Viyy/ Vs = 0.8 ratio. About seven days after mixing, 0.1-10ul
was taken to deposit as a droplet on the desired substrate for controlled drying
experiments.

CryoTEM and cryoET. CryoTEM samples were prepared by depositing 3 ul
samples on a 200 mesh Cu grid with a Quantifoil R2/2 holey carbon film
(Quantifoil Micro Tools GmbH) or lacey carbon 200 mesh (Electron Microscopy
Sciences). All the TEM grids were surface plasma treated for 40s using a
Cressington 208 carbon coater prior to use. An automated vitrification robot
(Fisher Scientific Vitrobot Mark III) was used for plunge vitrification in liquid
ethane. CryoTEM studies were performed on a TU/e cryoTITAN (Thermo Fisher
Scientific) operated at 300kV, equipped with a field emission gun, a postcolumn
Gatan energy filter and a post-Gatan energy filter 2k X 2k Gatan charge-coupled
device camera. Images were recorded with a total electron flux of less than

100e- A2 Matlab scripts developed in-house were used for image analysis. The
electron tomography tilt series was taken by tilting the specimen from —65 to

65°, at 2 or 3° per step with Inspect 3D software (Thermo Fisher Scientific). The
alignment and 3D reconstruction of the tilt series were done by using IMOD
software using SNPs as fiducials or by patch tracking and reconstructed using
SIRT (simultaneous iterative reconstruction technique) with 10-40 iterations. The
images were taken at 6,500, 11,500 and 19,000 times the nominal magnification,
with a pixel size of 1.4, 0.76 and 0.47 nm, respectively. The nominal defocus during
data acquisition was set to —10, —5 and —2 pm, respectively. The total dose for the
acquisition was approximately 100 e~ A-2 Subsequently, in some cases, data were
denoised by non-linear anisotropic diffusion prior to visualization. The resultant
3D reconstructions are shown in Supplementary Videos 3 and 4™.

Analysis of supracolloid organization from tomographic data. To quantitatively
analyse the SNP arrangements on the surface of silica particles, we performed
image analysis on the cryoET data of several samples and applied the following
steps to extract the positional data and neighbouring networks of the SNPs. For
the associated tilt series and the 3D reconstruction, see Supplementary Video 3.
Template matching of the spheres was used to determine the position of the silica
particles in an inversed contrast tomogram of the supracolloids or dried materials.
The inversed contrast was calculated to minimize the background signal, and

thus increase the signal-to-noise ratio, which results in a more reliable template
matching for the SNP in the 3D image.

Step 1: find probable PSL centres. The input for this step is a list of xyz coordinates
of the SNP centres, displayed in Supplementary Fig. 1a. The first step was to make
an xyz grid that covered all the silica centres. Next, for every point on the grid,

the distances to all the other SNP centres were calculated. After that, for every
grid point, the amount of SNPs between a minimum and maximum distance was
counted. The grid points that have at least a minimum amount of silica particles
were selected; the rest were discarded. The results of the selected centres are
displayed in Supplementary Fig. 1b.

Step 2: locate centres of the probable PSL clusters. From the clusters of SNPs,
probable PSL centre locations of a single value are desired. This was done using
MATLAB’s region props. In some cases, we needed to decide manually because
sometimes two locations were found for a single PSL particle. The results are
shown in Supplementary Fig. 1c.

Step 3: find the radius and corrected centres. For every found PSL particle, all
the SNPs in a 110 pixel radius (corresponding to the expected PSL radius plus
the diameter of an SNP) were used. The SNPs were fitted on a sphere using the
least-squares method. In some cases, the fitted radius may be smaller than 110
pixels, and the correlated centre may differ as well compared with the centre
located in step 2. That is why the sphere should be refitted using the points
that are close to the new centre and within the new radius times a margin. This
iteration can be repeated many times. The resultant fitted spheres are shown in
Supplementary Fig. 1d.

Step 4: dividing the silica particles over the PSL centres. In the next step, the SNPs
were divided over the PSL centres based on the distance to the centre. In general,
the SNP point was connected to the closest PSL point, but in exceptional cases the
distance was irrationally long. When these points were successfully divided over
the PSL centres, an alpha shape can be made. The alpha shapes are displayed in
Supplementary Fig. le.

Step 5: including unresolved points. Some of the SNP particles may not be
connected to PSL particles. In most cases, these SNPs were on the borders of the
3D coordinates and far away from PSL particles. However, in some cases, the
particles were close to a PSL particle, and it is possible that these SNP particles
were included in the alpha shapes manually. After finding all the SNPs that belong
to one supracolloid particle, we calculated the nearest-neighbour distance and
nearest-neighbour network for each SNP-PSL particle. We could then calculate
the coordination numbers followed by a coordination map on each supracolloidal
particle, as shown in Supplementary Fig. 5.
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The data that support the findings of this study are available within the article

and Supplementary Information files and from the corresponding authors upon
reasonable request (see ‘Author contributions’ for the specific datasets). Source data
are provided with this paper.

Code availability
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