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Abstract.

Multicomponent self-assembly has been explored to create novel metamaterials from
nanoparticles of different sizes and compositions, but the assembly of nanoparticles with
complementary shapes remains rare. Recent binary assemblies were mediated by DNA base
pairing or induced by solvent evaporation. Here, we introduce depletion-induced self-assembly
(DISA) as a novel approach for constructing tunable binary lattices. /n situ structural analysis
in the real and the reciprocal spaces demonstrates DISA of a binary mixture of octahedra and
tetrahedra into extended supercrystals with Fm3m symmetry. The inter-particle distance,
adjustable by depletant concentration, offers a versatile method for assembling nanoparticles
into ordered structures while they remain dispersed in a liquid phase. We show that DISA can
control the packing fraction of such binary supercrystals between ¢=0.37 and ¢=0.66, much
lower than dense packing in the dry state. These findings highlight DISA’s potential for creating

complex and highly ordered metamaterials with tailored properties.
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Filling a box with geometric shapes is a longstanding problem that has puzzled scientists of all
ages. In mathematics, the "box" is the three-dimensional flat space (Euclidean R®), which can
be filled with one or more shapes. The key rule is that the pattern propagates in all directions
without any gaps or overlaps. Among Platonic solids, the cube is a space-filling polyhedron,
whereas the tetrahedra and octahedra are not. Indeed, the dihedral angles of tetrahedra and
octahedra are not commensurable with 2z, and as a consequence they do not fill the Euclidian
space without gaps. However, their sum is. In this sense, these two Platonic solids are
complementary in shape. As a result, a mixture of regular tetrahedra and octahedra with
identical edge length and with a 2:1 number ratio can fill the Euclidian R3 by forming a face-
centered cubic (FCC) lattice.!: 2 This arrangement corresponds to the structure formed by the
two coordination polyhedrons in the well-known FCC packing of spheres, resulting in
octahedral and tetrahedral cavities. In this binary space-filling structure, all octahedrons have
the same orientation and are edge-sharing, leaving space in between for tetrahedra, which
exhibit two different but equally probable orientations. Each octahedron shares its eight faces
with eight tetrahedra, while each tetrahedron shares its four faces with four octahedra. This
configuration results in a volume fraction of one, as expected for a space-filling arrangement.
This pattern can be found at all scales, from the arrangement of atoms to the construction of
Fuller’s octet-truss frame structure,® being used in different applications such as additive
manufacturing or else in the architecture of larger structures. However, engineering such

patterns with nanoparticles (NPs) at the mesoscale remains a challenge.

Multicomponent self-assembly enables the combination of nanoparticles (NPs) with varying
sizes and compositions to yield metamaterials that possess properties distinct from those of their
single-component counterparts.*’ In addition to favorable pairwise interactions, a binary
assembly forms if its packing fraction exceeds those of the unary structures.® Spherical NPs
have been extensively studied for the formation of multicomponent self-assembly.®!! While
there have been some successful realizations of co-assembly involving anisotropic shapes with

isotropic ones,!*!6

the creation of anisotropic shape alloys co-assembling two different
anisotropic nanoparticles remains less common. For instance, the group of C. Murray have
reported binary assemblies of gadolinium nanoplates with complementary shapes.!” The groups
of M. Bodnarchuk and M. Kovalenko have reported the binary and ternary assembly of
perovskite NPs with various shapes.!®?° In these works the assembly was performed by the
slow evaporation of the solvent. In 2024, the groups of S. Glotzer and C. Mirkin have reported

a variety of shape-complementary polyhedra space-filling assemblies, including binary



mixtures of tetrahedra and octahedra, mediated with DNA base pairing.?! In this latter approach,
the binary assembly can only be obtained when the two shapes are functionalized with
complementary DNA strands. Moreover, once assembled, the lattices were not reconfigurable
due to the strong interaction induced by solvent evaporation or DNA base pairing. In this work,
we introduce depletion-induced self-assembly (DISA) as a strategy of building binary lattices

with tunable lattice parameters.

Hard polyhedra tend to align along their facets to maximize entropy and minimize free energy,
a phenomenon described as directional entropic forces.?*?* In depletion-induced self-assembly,
the interaction is also of entropic nature but comes from the depletants (micelles, polymers),
since maximization of their free available volume increases the overall entropy of the system.?
DISA is routinely used to separate plasmonic nanoparticles (NPs) of different shapes,?® 2’ but
is less frequently employed for creating supercrystals in suspension.?®3? One advantage of
DISA is the possibility to conveniently tune the inter-NPs distance by controlling the depletant
concentration, as shown for triangular nanoplates stacks.>! However, since the assemblies are
dispersed in a liquid phase, standard electronic microscopy techniques cannot be used to
describe the structure of the materials directly in solution. DISA has been used to assemble
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microparticles with complementary shapes but not yet NPs, a strategy that might seem

counterintuitive to the NPs community because DISA is generally used for shape separation.

Figure 1: Binary Assembly by DISA. (A) An illustration of the DISA process using CTAC as
depletant and a Si wafer at the bottom of the vial for the deposition of the supercrystals. SEM



micrographs of the supercrystals produced by DISA: (B)Au-Td, (C) Au-Oct and (E) the binary
assembly at 2:1 stoichiometry. (Scale bar = 500 nm) The insets show the schematic of the
respective 2D-unit cell in a single monolayer of NPs. (D) Schematic diagram of the 3D FCC
unit cell of the binary mixture containing 4 octahedra and 8 tetrahedra. All octahedra (in red)
are equivalent by translation. Tetrahedra have 2 different and equi-probable orientations, shown

respectively in dark blue and light blue.

Here we show the formation of binary lattices of tetrahedra and octahedra mediated by DISA
(Figure 1). We combined ex sifu characterization of the lattices with two complementary in
situ techniques: synchrotron based Small Angle X-ray scattering (SAXS) and liquid-cell
transmission electron microscopy (LCTEM). Gold NPs were prepared by seed-mediated
growth in water, using cetyltrimethylammonium chloride (CTAC) as stabilizer. Specifically,
polyhedra of similar edge length (E.L) were prepared: octahedra (Oct, Au-Octs2) of E.L=52.4
+ 2.62 nm and tetrahedra (Td, Au-Tdso) of E.L 50.3 £ 1.91 nm which takes into account a small
truncation. Full characterization of the NPs is provided in the Supporting Information (Figure
S01-S02, Table S1). We measured the Au’ concentration from the absorbance at 400 nm to
determine the concentration of NPs.** This allowed us to prepare mixtures with a 2:1 ratio of
tetrahedra to octahedra, which is the sweet-spot for the formation of the binary assembly, over

other stoichiometry (Figure S03).

We first collected supercrystals formed by DISA on a Si wafer (Figure 1A) to characterize
them ex situ by scanning electron microscopy (SEM). Unary tetrahedra and octahedra
supercrystals were identified by optical microscopy (Figure S04). These supercrystals adopted
triangular or rhomboidal shapes with typical sizes of a few microns and exhibited corresponding
triangle and rhombus facets on the substrate. SEM images revealed that the tetrahedra
crystallized into a periodic stack of dense monolayers, with each monolayer displaying a
centered rectangular lattice symmetry (Figure 1B, Figure S05).%5 In contrast, the octahedra
packed into dense monolayers consistent with previously reported supercrystals exhibiting
C2/m monoclinic lattice symmetry (Figure 1C, Figure S06).>® The packing fraction for the
observed unary supercrystals is about ¢=0.61 for tetrahedra and ¢=0.89 for octahedra. Packing
fraction are always compared for nanoparticles without truncation. In contrast, the FCC binary
lattice of tetrahedra and octahedra optimizes both the packing fraction (¢p=1) and the overlap

between the triangular facets of these particles, explaining its stability.

The binary lattice typically displayed triangular patterns on the SEM images (Figure 1D-E,
Figure S07), different from the arrangements found in the unary lattices. Although the
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formation of the binary lattice is identified by SEM (Figure 1D-E, Figure S07-S08), we further
validated this result in situ using SAXS and LCTEM (Figure 2).
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Figure 2: Characterization of the binary assembly in situ. (A) Schematic diagram of the
depletion-induced self-assembly of the NPs and their detection by SAXS inside a glass
capillary. (B) 1D-SAXS pattern of the Au-Octs> (red), Binary (violet) and Au-Tdso (blue) with
the indexing of the Bragg peaks. CTAC concentration was 450 mM and coresponding arcc of
the binary lattice (violet curve) is 105.8 nm. (C) Illustration of the in-situ TEM observation of
the supercrystals in LCTEM. (D) LCTEM micrograph of the binary assembly (Scale bar =200
nm). CTAC concentration was 150 mM. (E) Schematic representation of a monolayer of the

binary assembly viewed along a <111> direction as observed in LCTEM.

For SAXS, the colloidal supercrystals are formed in glass capillaries by DISA and analyzed in
situ (Figure 2A-B, S09-S10). Sharp Bragg peaks indicate the formation of extended lattices
and their indexing confirms the lattice symmetry of the supercrystals. The diffractogram of the
binary lattice displays peaks at different positions compared to both lattices made solely of
tetrahedra or octahedra, revealing the formation of a new structure, with no trace of the peaks

of unary supercrystals. The peak progression agrees with an FCC structure exhibiting Fm3m
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symmetry, in line with the binary supercrystal depicted in Figure 1D. We then studied the unary
and binary supercrystals by low-dose LCTEM confined between two SiN membranes with 500
nm spacers. We mainly observed assemblies consisting of one monolayer laying on the SiN
membrane (Figure 2C-E, S11 and S12), but some supercrystals with few layers stacking
perpendicularly to the membrane were also observed (Figure S13). The reduced ability of
confined supercrystals to stack perpendicularly to the membrane is due to the affinity of NPs
for the liquid-cell windows, but, as we previously evidenced with other entropy-driven
supercrystals, their lower dimensionality does not affect their crystal lattice.?” Indeed, the binary
monolayers show one octahedron surrounded by six tetrahedra (Figure 2E), as expected for the
FCC lattice oriented in the (111) direction and the 3D stacking (Figure S13) agrees with the
model structure in Figure 1D. This synergy between reciprocal and real space techniques
unambiguously confirms the formation in solution of a 2:1 binary lattice of tetrahedra and

octahedra with Fm3m symmetry.

From the unit cell parameter arcc, we can determine the distance between the nanoparticles. In
this lattice, the quantity arcc/V2 corresponds to the edge length of the tetrahedral and octahedral
volumes where both NPs fit. This edge length is larger than the edge lengths themselves,
indicating that the packing in solution is not fully dense, leaving some room for solvent between
the gold nanocrystals. Based on the known dimensions of the NPs (Table S1), we can evaluate
the amount of solvent in-between the nanoparticles, taking into account as well the CTAC
bilayer which is coating the gold surface. The packing fraction ¢= 0.63 is obtained by dividing
the volume occupied by the NPs (eight tetrahedra and four octahedra) divided by the volume
of the FCC unit cell. This packing fraction does not take into account the minor truncation
(Figure S14) in the volume estimations of the nanoparticles. In the binary assembly, all
triangular facets of tetrahedra and octahedra are facing each other. From the value of the lattice
parameter arcc and the known dimensions of the nanoparticles (Table S1), we can derive the
inter-NPs distance d, which is the gap between the parallel facets of a tetrahedron facing an
octahedron, including the CTAC bilayer coating (ds = 3.2 nm) on each nanoparticle. We
analyzed the distance between NPs (d) by SAXS (for wide range of concentrations) and
LCTEM (50 and 150 mM) (Figure 3B-C, S15-S16) which are all in close agreement. This
relatively large inter-particle spacing, more than two surfactants’ bilayers (2ds = 6.4 nm)
(Figure 3A), results from the balance between attractive forces, depletion and Van der Waals
interactions on one hand, and repulsive electrostatic interactions on the other hand. The

31,38

resulting equilibrium distance, d*, can be modelled analytically and is found to decrease as



the surfactant concentration increases, due to the major contribution of depletion forces (Figure
3D-E, S17). In line with the model, the inter-NP distance can be controlled by adjusting the

concentration of surfactant (Figure 3).
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Figure 3: Tunability of the supercrystal packing: (A) Schematic diagram showing Au-Oct
& Au-Td assembled by DISA. (B) 1D-SAXS pattern of the binary superlattices at different
[CTAC] (75 mM to 567 mM). At 37.5 mM CTAC concentration, only the form factors of the
dispersed NPs contributed to the signal, as no binary superlattice forms. Dashed line shows shift
of <111> peak with [CTAC]. (C) Plot of the FCC unit cell parameter (arcc) and the inter-NP
gap ((d-2dg) (determined by SAXS, LCTEM) against CTAC concentration. Dashed line is the
predicted value of (d"-2dg) from interaction potential. (D) Schematic diagram showing the
change of the inter-NPs distance as a function of [CTAC]. The inter-NP distance d is the gap
between the parallel facets of the Au-Td and Au-Oct, including the CTAC bilayers on each
particle. dmin is the minimum inter-particle gap. (E) Plot of the theoretical interaction potential

vs. inter-particle gap at 600 mM CTAC. d” is the predicted inter-particle gap.

From 75 mM to 567 mM CTAC Bragg peaks corresponding to the Fm3m binary lattice were
observed (Figure 3B) and d decreased from 17.2 nm to 8.3 nm (Figure 3C), which agrees well
with calculated d spacing of 17.01 nm to 9.0 nm (Figure S17). Note that d tends toward the
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minimum separation distance 2dg. This evolution is expected, since increasing surfactant
concentration increases the osmotic pressure and weakens electrostatic repulsion by charge
screening.®® In this way, the packing fraction can be controlled in solution between ¢=0.37 and
¢=0.66 because of the relatively large inter-NP distances. In contrast, for the dry supercrystals

imaged by SEM, packing fractions are essentially close to one.

So far, the size mismatch between the nanocrystal was about 4%, which is defined as E.L.tq¢-
E.L.oc/E.L.oct. We then explored the possibility of forming the binary lattice with higher size
mismatch (S.M.). To this end, Au-Oct with E.L =47 nm were assembled with Au-Td of 48 nm
(S.M. =3%), 52 nm (S.M. =10 %), 62 nm (S.M.= 31%) in separate experiments (Figure 4, S18-
19, Table S1). While the mixtures with a S.M. up to 10 % formed a binary assembly, the one
at S.M.=31% phase separated. This tolerance to size mismatch is interesting, meaning that the
binary assembly is robust even when the triangular facets of the tetrahedra are larger than those
of octahedra. We anticipate an upper limit for size mismatch of about 16.4% that correspond to
the size difference between the actual nanoparticle and the one defined by the unit cell.
Interestingly, in DISA, the nanoparticles are separated by solvent molecules, which contrasts
with more conventional self-assembly methods where ligand flexibility, such as with DNA or

alkanethiols, can accommodate size mismatches of similar amplitude.'*
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Figure 4: Effect of size mismatching on the binary lattice formation. A) Scheme showing

either the formation of binary superlattice in case the edge length of the two shapes (Td-Oct)
matches or phase separation in case the edge length of the two shapes mismatch. The 1D-SAXS
patterns corresponding to tetrahedra and octahedra supercrystals are shown in red and blue
respectively, and the curve in between them corresponds to the mixture supercrystals, which
either form a binary lattice or phase separate. B) E.Loct = 47 nm, E.Lt¢ = 48 nm (S.M = 3 %):
binary, C) E.Loct =47 nm, E.L't¢ = 52 nm (S.M = 10 %): binary, D) E.Loct =47 nm, E.Ltq = 62
nm (S.M = 31 %): phase separation.

So far, only a few examples have reported binary self-assembly with complementary shape
nanoparticles using either slow evaporation-induced self-assembly or DNA base pairing. Here,
we demonstrate the formation of a binary assembly of octahedra and tetrahedra with DISA into
extended supercrystals with Fm3m symmetry. The binary assembly can be obtained in the dried
state, forming large supercrystals with surfaces displaying triangular patterns and a packing
fraction close to one (Figure 1). It can also be obtained in colloidal suspensions, as shown by

SAXS and LCTEM analysis (Figure 2). We show that DISA can control the packing fraction



of such colloidal supercrystals between ¢=0.37 and ¢=0.66 (Figure 3), which is much lower
than the dense space filling packing in the dry state. In principle, even lower packing fractions
could be reached by extending the range of the depletion interaction using larger depletants.
Conversely, coating the NPs with smaller ligands could yield higher packing fractions.
Although the NPs have complementary shapes, DISA can achieve relatively low packing
fractions, due to the presence of repulsive electrostatic interactions. In suspension, the binary
assembly can be described as nanoparticles sitting in the middle of larger regions of the same
shape (tetrahedra or octahedra) filled by the surfactant bilayer coating, solvent molecules and
ions. Interestingly, this “empty” space can be controlled by the balance between the osmotic
pressure and the repulsive electrostatic interactions. The FCC binary lattice formed by DISA is
stabilized by two major effects: (a) without repulsive interactions, it maximizes the packing
fraction (¢=1) compared to the case of unary supercrystals (¢=0.61 for tetrahedra and ¢=0.89
for octahedra) that contain intrinsic geometrical voids. (b) the face-to-face interaction of all the
triangular facets is maximized. Beyond the fundamental aspects, tuning the packing fraction in
plasmonic supercrystals is relevant for controlling the accumulation of molecules in regions
displaying intense optical activity. Our results show that DISA is efficient to co-assemble NPs
with complementary shapes. These findings provide a deeper understanding of the self-
assembly mechanisms in multicomponent systems and highlight the potential of DISA for

creating complex and highly ordered nanomaterials with tailored properties.
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