Chemical and architectural intricacy
from nanoscale tetrahedra and their
analogues
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The tetrahedron, as the simplest platonic shape, is a profound building block with the
potential to create intricate superstructures. Noteworthy designs utilizing tetrahedral building
blocks include the Sierpiniski tetrahedron (the most fundamental three-dimensional fractal),
a one-dimensional helical structure known as the tetrahelix, and various crystalline and
quasicrystalline packings. Historically, the practicality of tetrahedral superstructures has been
evident, providing stable, well-defined frameworks for various constructions, including truss
bridges, tower cranes, and electricity transmission line pylons. In the field of self-assembled
nanocrystal superlattices, tetrahedral nanocrystals, as building blocks, occupy a unique
place among all the possible nanoscale particles. Mathematical models, simulation work, and
experimental studies using nanocrystals in the laboratory have suggested that self-assembled
structures derived from nanoscale tetrahedral building blocks are notably intricate, giving
rise to new horizons of high-entropy nanocrystal superlattices. An important implication
from previous works is that such tetrahedral nanocrystal superlattices form through highly
delicate interparticle interactions, emphasizing the importance of the fine features of these
nanocrystals. In this article, we summarize the advances in superlattices assembled from
tetrahedral nanocrystals. We first define the tetrahedron and tetrahedron analogues based on
Conway’s transformation and graph theory, underscoring their relevance to the crystallization
process producing tetrahedral nanocrystals. Then, we showcase previous reports on the
synthesis of tetrahedral nanocrystals and the resulting nanocrystal superstructures. Finally,
we conclude by offering insights and perspective into the chemical and architectural intricacy
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that could emerge from tetrahedral nanocrystals.

Introduction

The tetrahedron is the simplest of Platonic solids, and its
iconic shape has influenced the art, philosophy, engineering,
and science of many cultures worldwide. The ancient Greek
philosopher Plato associated the tetrahedron with the element
of fire, as its sharp, penetrating points are reminiscent of the
heat and transformative power of fire.'Da Vinci’s tetrahedron
stars, compounds of two regular tetrahedra, were investigated
by notable researchers and artists including Johannes Kepler
and Luca Pacioli." In stark contrast to the simplicity of the
tetrahedron shape, superstructures of tetrahedra exhibit pro-
found complexity, which has been recognized by research-
ers in various fields across many eras. Notably, the packing
problem of tetrahedra has been debated since antiquity.>™

Ever since Aristotle’s claim that tetrahedra could completely
fill space had proven incorrect, there has been an exciting
scientific journey to find the densest packings of tetrahedra.>”
The champion structures, as of this publication, are those pro-
posed by E.R. Chen et al., which possess a packing density
of 85.63% with a striking quasicrystal-related arrangement.’
Another fascinating example of tetrahedral superstructure is
the Sierpinski tetrahedron; the fractal superstructure is cre-
ated from tetrahedral building blocks connected through the
vertices.” This three-dimensional (3D) fractal structure is also
known to have an integral number of two in its Hausdorff
dimension—an extremely rare case in fractal structures.’
Besides, tetrahedra-based superstructures have proven to be
functional in many capacities. For example, truss structures in
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bridges and towers are among the greatest inventions through-
out history, enabling robust architectures supported by tetra-
hedron frameworks.?

In the field of nanocrystal (NC) self-assembly, researchers
have been attracted to the shape of tetrahedra, which could
potentially result in, for example, the creation of dissipative
systems and advancing self-assembled NC systems to the next
level.>”! The concept of dissipative systems in self-assembly
was notably developed by 1. Prigogine.'® In such cases, dis-
sipative self-assemblies can flexibly alter their structures in
an open thermodynamic system, as seen in many dynamic
living organisms.!'!'® While most conventional NC superlat-
tices (SLs) are thermodynamically constrained,” the geometri-
cal complexity of tetrahedra-based superstructures increases
the entropy of the systems, bringing the structures one step
closer to the flexibility level required by any dissipative sys-
tems.®'%!1-16 Indeed, recent research has shown that a few
high-entropy structures can be attained from self-assemblies
of tetrahedral NC building blocks, including tetrahedral heli-
cal structures,'® conventional crystalline and unconventional
quasicrystalline and its approximant SLs,'>!"!® as well as non-
Euclidean superstructures that relieved geometrical frustration
through intricate assembly behaviors.'”!?

A critical insight derived from previous self-assembly
research of tetrahedral NCs is that the architectural intricacy in
NC SLs can be realized only when multiple desired conditions
are met.'"1317:20 In the early stage, only relatively simple and
localized superstructures were possible from assembled tetra-
hedral-shaped NCs.?! However, subsequent research, fueled by
refined synthetic methods of nano-tetrahedrons, revealed that
details such as self-assembly conditions, surface states, and trun-
cation levels of the building blocks are key to achieving high-
entropy superstructures.'' !> With a firm belief in the adage “God
is in the details,” this article discusses the fine experimental
aspects that lead to sophisticated superstructures possible from
tetrahedral and tetrahedral-like NCs. We first discuss the shape of
the tetrahedron and its analogues using Conway’s transformation
and graph theory, offering comprehensive shape arguments in a
simple manner. Then, we showcase tetrahedral NC-based super-
structures reported to date, emphasizing the synthetic procedures
of the building blocks and the experimental conditions for self-
assembly. We discuss the detailed shapes of NC inorganic cores,
the surface profiles, and the interparticle interactions induced
by the experimental conditions in self-assembly. In conclusion,
we offer our perspectives on tetrahedral NC SLs in the broader
context of self-assembly research, laying the groundwork toward
the future generation of NC superstructures.

Tetrahedron and tetrahedron analogues:

An overview using graph theory

NCs shaped like tetrahedra and their analogues have been pro-
duced from various materials, including metals, metal chalco-
genides, and metal pnictogens.?'2® Researchers have devel-
oped NC synthetic methods to finely control features of the
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resulting tetrahedral-like shapes, including truncation at the
edges and vertices, as well as the curvature of the facets, and
other tetrahedron-related shapes such as tetrahedral frames and
tetrapods.?’° Discussing these shape irregularities is crucial
for the self-assembly process, yet a comprehensive showcase
of these tetrahedral shape deviations is challenging due to the
large number of variables, necessitating a simplified discus-
sion. We employ graph theory and Conway’s transformation
operators to address the irregularities often observed in syn-
thesized tetrahedral-like NCs. Graph theory offers a simplified
approach by focusing on vertices and edges, allowing an over-
view of a complete set of tetrahedron analogues and an under-
standing of their properties.>® Conway’s operators provide a
comprehensive set of transformations that tetrahedral NCs can
undergo.’” As a model study, we examine three transforma-
tion processes commonly observed in NC systems—edge-
truncated, vertex-truncated, and twisted tetrahedra.

A tetrahedron, with its four vertices, four faces, and six
edges, is depicted in graph theory as a triangle divided into
three smaller triangles (Figure 1, left). When all four vertices
are truncated, the tetrahedron eventually transforms into an
octahedron, a transformation known as “Ambo” according to
Conway’s operators (Figure 1a). This transformation has been
observed in NC syntheses; for example, a cubic-phase-based
tetrahedral crystal with four {111} facets undergoes vertex
truncation upon the emergence of the other four {111} facets.??
Edge transformations are realized through the “Chamfer”
operation in Conway’s transformations, which converts the
edge line into a hexagonal plane (Figure 1b), corresponding
to {100} facet exposure in the cubic crystal system.?? Last, the
“Snub” operation introduces chirality, resulting in an inter-
mediate twisted tetrahedral shape with 20 triangular faces,
followed by further twisting to form a regular icosahedron
as shown in the two-dimensional (2D) graph and 3D model
in Figure lc.

Mechanisms of tetrahedral NC growth

and origins of Conway truncations

Recent studies focusing on the dynamics of NC growth have
provided crucial details to explain how tetrahedral NCs form,
despite often featuring morphologies deviating from the sym-
metry of their underlying crystal structures.?®2%3-40 These
studies provide clues to the formation of common Conway
truncations on tetrahedral NC surfaces (e.g., Ambo and Cham-
fer truncations), as well as to less common Snub truncation
of Ag,, clusters (Figure 2a-b).*! Interestingly, the symme-
try breaking and particle growth processes of tetrahedral-like
NCs are highly dependent on underlying crystal structure. For
example, an investigation of the growth modes of zinc-blende
(ZB) InP NCs unveiled a two-step particle growth process.?®
The initial growth along four {111} facets produced intermedi-
ate tetrapod structures, followed by a subsequent overgrowth
step along the exposed {110} facets to produce well-formed
and highly uniform tetrahedra (Figure 2c—d).?® The authors
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notably extracted the differential activation energy barriers for
monomer addition to {111} and {110} facets of ZB InP NCs
based on temperature-controlled growth experiments. The cal-
culation results revealed that the higher activation barrier for
growth along {110} facets facilitated the controlled synthesis
of tetrapodal and tetrahedral NCs by adjusting temperatures
during the final growth step. In this case, Ambo truncations
could be explained as the original ends of the intermediary
tetrapodal legs, which exhibit {111} surface exposure just like
the faces of the overall tetrahedron in the final NC. The kinetic
findings, particularly regarding the separation of {111} and
{110}-facet-directed growth modes, explain why Ambo trun-
cations remain throughout the entire growth process; growth
on these exposed facets terminates after the initial tetrapodal
growth step to yield final tetrahedrons with full coverage of
{111} crystal planes.

In contrast, a study by the M. Jones group investigating
Au NCs with a face-centered-cubic (fcc) crystal structure
demonstrated that symmetry breaking from the O, seeds
to Ty NCs proceeded via an anisotropic growth process.*®
In this process, monomer addition to the surface of the Au
NCs gradually changed the exposed facets from {100} to
{111} via a series of high-index {hhl} crystal facets (Fig-
ure 2e—f). In situ liquid cell transmission electron micros-
copy (TEM) measurements tracked the shape evolution of
single NCs during the growth, observing the transition from
{110}-capped seeds to {111}-capped Au tetrahedral NCs.?®
Similar to the ZB InP tetrahedral NC case previously dis-
cussed, the M. Jones group concluded that the transition from
the higher-energy {110}-capped surface to the {111}-capped
surface of the tetrahedron was energetically favorable in the
presence of surface ligands with amine head groups (i.e.,

cetyltrimethylammonium bromide, CTAB). In this case, the
higher surface area of {110} facets again explains the prefer-
ence of Ambo truncation for cubic systems, as this form of
truncation yields NCs that still are fully capped by {111} fac-
ets while reducing high-surface energy regions often found
at areas of high curvature (e.g., vertices).

One example from the O. Chen group was unique in
terms of a striking surface profile and high uniformity of
size and shape of the tetrahedral-like CdSe/CdS core/shell
quantum dot (QD) NCs.** The synthesized NCs possessed
8.4-nm crystal height with a 2.3-nm truncation along the
edges.*® Unlike most previous examples of tetrahedral NCs,
this system produced truncated tetrahedral NCs from the
CdSe seeds with a noncubic wurtzite (WZ) crystal structure.
The WZ crystal structure possesses inherent crystal polar-
ity, with a highly elongated c-axis, and tetrahedral-like WZ
NCs therefore exhibit asymmetric surface exposure rather
than complete exposure of {111} facets as for systems with
cubic crystal structures. Instead, three {1011} facets and
one {0002} facet should be exposed on the tetrahedral-like
WZ CdSe/CdS core/shell QD NCs (Figure 2g).* Interest-
ingly, the truncation of these NCs is not vertex-directed
Ambo truncation as is ubiquitous for cubic systems; rather,
Chamfer truncation of the vertical edges is present, yielding
hexagonal pyramidal NCs when “fully” truncated such that
all six vertical faces are identical. These results are in line
with the results from cubic systems, as Chamfer truncation
for WZ crystals yields a similar result as Ambo truncation
for cubic systems; namely, the formation of NCs with crys-
tallographically symmetric facets and truncation surfaces.
In the case of WZ NCs, Chamfer truncation is preferred
owing to the sixfold symmetry of the {1011} facets, which

causes Chamfer truncations to occur
along three {1011} crystal planes
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Figure 1. Three-dimensional models and graph theory presentations of a tetrahedron (left),
“Ambo” operation (vertex-truncated) (a), “Chamfer” operation (edge-truncated) (b), and
“Snub” operation (twisted tetrahedron) (c) in Conway’s transformations.

and results in NCs capped by six
{1011} facets and one basal {0002}
facet. In all the previously discussed
cases, shape truncations are present to
reduce surface energy by minimizing
overall shape sharpness (truncating
vertices and edges of tetrahedron),
while retaining full surface exposure
of energetically favorable crystal
planes (i.e., {111} for cubic systems,
and {1011} for hexagonal systems).
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Monolayer and localized
self-assembly of tetrahedral NCs
Early self-assembly research largely
investigated relatively simple struc-
tures, in which a single layer of NCs
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Figure 2. Growth mechanisms for tetrahedral and tetrahedral-like nanocrystals (NCs). (a) Computer model of tetrahedral NC with four {111}
faces (left), and scanning electron microscopy image of an Au tetrahedral NC with vertex (pointed with pink arrows) and edge (pointed with green
arrows) truncations (right). Adapted with permission from Reference 29. © 2004 Wiley-VCH. (b) Atomic model of twisted tetrahedral Ag,, cluster.
Three-dimensional model of the cluster geometry (inset). Adapted with permission from Reference 41. © 2022 Springer Nature. (c) Transmission
electron microscopy (TEM) images of InP NC undergoing {110} overgrowth from tetrapodal (left) to tetrahedral (right) morphology. Adapted with
permission from Reference 28. © 2021 Springer Nature. (d) Three-dimensional models representing tetrapodal (left), {110} overgrowing (center),
and tetrahedral (right) NCs. Adapted with permission from Reference 28. (€) TEM images of Au NC undergoing shape transformation from cubic
seed (left) to tetrahedral NC (right). Adapted with permission from Reference 38. © 2021 American Chemical Society. (f) Three-dimensional
models of Au NC undergoing shape transformation from cubic seed (left) to tetrahedral NC (right), with major surface facet labeled. Adapted
with permission from Reference 38. (g) Three-dimensional models (top) of spherical CdSe quantum dot (QD) NCs undergoing successive growth
steps to tetrahedral and hexagonal bipyramidal CdSe/CdS core/shell QD NCs; the corresponding TEM images of the growth process (bottom).
Adapted with permission from Reference 40. © 2017 American Chemical Society. RD, rhombic dodecahedron; T, tetrahedral.

deposited on a support substrate to form either monolayer SLs
with periodicities, or local organized cluster units.**** Similar
to self-assembly of spherical NCs, the earliest cases of tet-
rahedral NC self-assembly obtained hexagonal monolayers,
yet with striking orientational orders for the NCs within these
SLs. For example, the studies on tetrahedral NC self-assembly,
published by Z. Wang et al. in 1997 and 1998, identified two
forms of orientational order.***’ When 4.4-nm CoO tetra-
hedral NCs with a ZB crystal phase were assembled via the
evaporation of toluene solvent on a TEM grid, measurement
results revealed long-range orientational alignments parallel
to the viewing direction (i.e., perpendicular to the plane of the
TEM grid).** When viewed from this projection, the synthe-
sized tetrahedral NCs, exposed with only {111} facets, were
found to universally orient vertex-up on the TEM grid such
that the [110] direction of each NC was oriented perpendicu-
lar to the plane of the SL (Figure 3a—c).*® The same group
later studied the toluene evaporative self-assembly of 4.5-nm
Ag tetrahedral NCs with vertex-directed Ambo truncations,
and found the same long-range orientational alignments, with
additional rotational ordering around the [110] crystal axis in
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a short range.*’ For small domains (up to~50 nm), high-res-
olution (HR) TEM measurements revealed that NCs oriented
around the [110] axis such that their surface ligands maximally
intercalated and filled the inter-NC space (Figure 3c—d). This
orientational pattern requires two facet-to-facet connections
and one vertex-to-facet connection per NC, with an interest-
ing consequence that the resulting structure loses the sixfold
symmetry present in SLs formed from spherical NCs. Given
that the inter-NC distance is greater for vertex-to-facet connec-
tions than facet-to-facet connections, the displayed assembly
pattern is effectively stretched in one dimension relative to a
corresponding sixfold lattice.

L. Manna et al. showed another example of SLs from tetra-
hedral-like NCs exhibiting unique interparticle interactions.*’
In this study, they used WZ CdSe QD NCs with edge lengths
of 20.3 nm and 16 nm for axial and basal edges, respec-
tively.*” The WZ CdSe tetrahedral-like NCs were synthesized
through a one-pot hot-injection method using CdO, CdCl,,
and Se powder as precursors, and octadecylphosphonic
acid (ODPA) as the capping ligand.*® The exposed facets
consisted of one {0002}, and three {4045}, facets, and
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overall shape was roughly tetrahedral with compression in
the c-direction. Interestingly, clover-shaped cluster-type units
were formed upon solvent evaporation (Figure 3e). From
TEM, clover units with each consisting of four CdSe NCs
were visualized, indicating strong attractions between {4045
}wz facets of WZ CdSe NCs. Such directional interactions
arose from differences of surface ligand density between
{0002}, facets and {4045}, facets, and directional crystal
polarity along the c-directions, with the important implication
that tetrahedral NC building blocks can translate such delicate
directional interactions into complex superstructure forma-
tion. In 2018, Q. Zhang et al. produced a highly similar local-
ized superstructure using core—shell Au/Ag right bipyramidal
NCs featuring distorted tetrahedral shape (Figure 3f).>° In
both cases, patchy ligand-ligand interactions were implicated
in the nonentropic, non-close-packed assembly of novel struc-
tures from tetrahedral-like NCs with flat, prominent surface
facets and high vertex and edge curvatures.

Large-scale multilayer SLs: Developing principles

for surface-directed self-assembly of tetrahedral NCs
A seminal work reported by the Talapin group, outlining the
first successful self-assembly of tetrahedral CdSe QD NCs into

a large-scale 3D SL, provided new conceptual depth to models
of tetrahedral NC packing.’' While the superstructure obtained
was relatively simple, the forces underpinning the interparticle
interactions were distinct from conventional SLs. In this study,
the authors used 8- and 10-nm ZB CdSe tetrahedral NCs with
oleic acid or stearic acid as the tethering ligands.”' For the
formation process, they employed a slow solvent evaporation
method from tetrachloroethylene, which facilitated formation
of a multilayer superstructure (Figure 4a). Their TEM studies
revealed a hexagonal lattice, with alternating rotational orien-
tation of adjacent NCs (Figure 4b—e). The interpretations of
these findings drew on earlier work investigating self-assembly
of octahedral NCs, which found that those NCs preferentially
assembled into a non-close-packed body-centered-cubic (bcc)
structure under equilibrium conditions.>? Of key interest was
the observation from TEM imaging that this octahedron-based
superstructure was dominated by vertex-to-vertex connections
between adjacent NCs, rather than the facet-to-facet connec-
tions predicted by entropy.’* Similarly, Talapin et al. found
that their tetrahedral NCs formed a multilayer SL with particle
orientations maximizing vertex-to-vertex connections even at
the entropic cost of lower packing fraction (Figure 4b—e). This
phenomenon was ascribed to a dynamic evolution of surface
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Figure 3. Characterization of tetrahedral nanocrystal (NC) surfaces and early superlattices (SLs) assembled from tetrahedral NCs. (a) Three-
dimensional models of tetrahedral NC core (left) and surface ligand (right) profiles. Arrow at left indicates alignment of the tetrahedral morphol-
ogy such that the vertex of the tetrahedron is aligned with the [110] direction of the cubic crystal structure. (b) High-resolution transmission
electron microscopy (HR-TEM) image of a tetrahedral Pd NC, emphasizing the surface (111) facet coverage (left). Adapted with permission from
Reference 48. © 2011 Wiley-VCH. Model of the tetrahedral NC viewed from the [110] crystal direction (right). (c) TEM image of self-assembled
Ag tetrahedral NCs demonstrating hexagonal connectivity and short-range orientational order. High-resolution TEM image of single NC (inset,
top), and small-angle electron diffraction pattern of superlattice (inset, bottom). Adapted with permission from Reference 47. © 1998 Wiley-VCH.
(d) Proposed model for explaining the observed orientational alignment of adjacent NCs. () TEM image and model (inset) of short-range clover
superstructures formed upon self-assembly of CdSe compressed tetrahedral NCs, displaying selective facet-to-facet connectivity. Adapted with
permission from Reference 49. © 2015 American Chemical Society. (f) TEM image, HR-TEM image (inset, top), and 3D model (inset, bottom) of
short-range clover superstructures formed upon self-assembly of Au/Ag right bipyramidal NCs. Adapted with permission from Reference 50.
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Figure 4. Three-dimensional structure formed from tetrahedral nanocrystals (NCs) exhibiting asymmetric surface ligand attractive forces.

(a) Large-scale transmission electron microscopy (TEM) image of superlattices (SLs) formed upon by tetrahedral CdSe NCs (scale bar = 20 nm).
Scanning electron microscopy image of supercrystals (inset, scale bar = 1 ym). Adapted with permission from Reference 51. (b) Unit cell of 3D
crystal structure. Adapted with permission from Reference 51. © 2014 American Chemical Society. (c) Three-dimensional model of SL, colored
to represent two possible NC orientations. Adapted with permission from Reference 51. (d) TEM images of 3D NC SL produced by evapora-
tive self-assembly of 8-nm tetrahedral CdSe NCs, viewed from the [110] projection (left) and rotated around the (110)g, axis for visualization of
the cubic crystal structure (center) and hexagonal NC packing (right). Adapted with permission from Reference 51. () Models of the 3D NC SL,
viewed from the [110] projection (left) and rotated around the (110)g, axis for visualization of the cubic crystal structure (center) and hexagonal
NC packing (right). Adapted with permission from Reference 51. (f) Two-dimensional (top) and 3D (bottom) models of the ligand corona of CdSe
NCs when dispersed in favorable (good) solvent such as toluene. Adapted with permission from Reference 51. (g) Two-dimensional (top) and 3D
(bottom) models of the ligand corona of CdSe NCs upon evaporation of solvent. Adapted with permission from Reference 51. (h) Two-dimen-
sional models of surface ligand intercalation at NC facets (top) and vertices (bottom). Adapted with permission from Reference 51. (i) Repulsive
steric forces between adjacent NC surfaces while dispersed in solvent (left) and attractive van der Waal’s forces between adjacent NC surfaces

ligand configuration during the assembly process, termed an
“effective patchiness” effect.’! When suspended in favorable
(good) solvent, surface-bound oleic acid molecules mixed
with solvent molecules and puffed to produce an effective NC
shape resembling a rounded tetrahedron (Figure 4f). Upon
evaporation of the solvent, the surface ligand puffs bundled
more tightly and behaved similar to the rigid, straight models
described in earlier self-assembly works,*® with an associated
effective shape change to a cantellated tetrahedron with high
ligand density on NC facets (Figure 4g).

The authors associated the high density of vertex-to-ver-
tex connections with the increased surface curvature at ver-
tices relative to facets, allowing for increased intercalation
of surface ligands on adjacent NCs (Figure 4h). As the sol-
vent evaporated during the assembly process, these attractive
ligand-ligand intercalation effects drove local particle orien-
tations to prefer vertex-to-vertex, rather than less attractive
facet-to-facet, connectivity (Figure 4i). Effectively, the verti-
ces with lower ligand density functioned as attractive patches
for the attachment of adjacent NCs. Therefore, the researchers
concluded that ligand—ligand enthalpic contributions were on
par with entropic space-packing considerations in determining
the end superstructure. Furthermore, the results for the study
provided valuable clues regarding the kinetics of the evapora-
tive self-assembly process for anisotropic NCs. The striking
resemblance of the obtained SL to simulated results for puffy
hard particles indicate that short-range orientational alignment
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of nearby NCs could take place while still suspended in solu-
tion or at the solvent-substrate interface, pointing toward a key
role for both surface ligands and solvent molecules in medi-
ating superstructures formed during colloidal self-assembly
processes.>>!

Self-assembly of tetrahedral NCs into complex
crystalline and quasicrystalline SLs

The role of surface ligand patchiness in driving tetrahedral
NC self-assembly was further elaborated by a set of discover-
ies published by the O. Chen group in 2018, which reported
a wide variety of SLs assembled from tetrahedral-like CdSe/
CdS core/shell QD NCs (previously presented).'>!* Impor-
tantly, these NCs possessed a hexagonal WZ crystal struc-
ture, and therefore exposed two different types of crystal
facets with anisotropic surface ligands coverage: oleic acid
tethered {1011} facets and ODPA passivated {0002} facet
(Figure 5a),*° owing to their distinct ligand affinities to the dif-
ferent exposed WZ crystal facets.'>!*4? Assembling these tet-
rahedral-like NCs with anisotropic surface patchiness resulted
in complex superstructures featuring from one-dimensional
(1D), 2D, and 3D NC connectivity.'® Specifically, 1D helices,
2D “zip/log unit-based” lattices, and 3D cluster-based lattices
were formed via evaporative self-assembly on solid substrates
(Figure 5b—d).'* Remarkably, the first reported single-compo-
nent quasicrystalline NC SL was then observed by the O. Chen
group when the evaporative self-assembly process occurred
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with liquid ethylene glycol as the substrate.'® The critical
role of surface ligand patchiness for promoting self-assembly
of complex superstructures from tetrahedral NCs was dem-
onstrated by the formation mechanism discussed in these
works.'?!® The anisotropic surface ligand coverage promoted
a strong orientational bias, where the ODPA-coated {0002}
facets of adjacent NCs preferentially faced toward each other
to form dimerized building units. These dimers can then be
either assembled into helical or crystalline SL structures on
a solid substrate depending on the applied NC solution con-
centration,'® or further coordinated into short-range flexible
decagonal units, which finally form long-range tenfold quasic-
rystalline domains following the proposed “flexible polygon
tiling rule” (Figure Se).'”> Assembly mechanistic studies con-
firmed the criticality of both anisotropic surface patchiness and
tetrahedral-like shape of the NCs for obtaining the described
low-packing fraction phase. Significantly, these results fur-
thered the recognition of substrate identity as a crucial deter-
minant of the end superstructure. The tenfold quasicrystalline

lattices could not be obtained from self-assembly processes
occurring on solid substrates such as carbon-coated TEM
grids or silicon wafers.'® Moreover, precise matching of liquid
substrates to solvent and surface ligands was also a require-
ment for quasicrystal formation. Under standard experimental
conditions using cyclohexane as the dispersing solvent and
oleic acid/ODPA as surface ligands, only self-assembly occur-
ring on the surface of an ethylene glycol subphase produced
quasicrystalline structures, with self-assembly on substrates
with higher or lower polarities yielding only other crystalline
phases. In line with past results, the existence of a substrate
effect indicates that self-assembly is initiated at the solvent-
substrate interface rather than in the bulk of the solvent or
following complete solvent evaporation.’’ Therefore, these
results can be used to extend existing models of tetrahedral
self-assembly even farther by holistically including solvent-
ligand and substrate—ligand interactions as driving forces for
final SL structures.
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Figure 5. Complex crystalline and quasicrystalline superlattices (SLs) formed from tetrahedral nanocrystals (NCs). (a) Three-dimensional printed
model of CdSe/CdS core/shell tetrahedral quantum dot NC (left); high-resolution transmission electron microscopy (HR-TEM) (center left) and
dark-field TEM (center right) images, adapted with permission from Reference 13. © 2018 Springer Nature; schematics demonstrating ani-
sotropic surface coverage (right). Adapted with permission from Reference 18. © 2022 Elsevier. (b) Three-dimensional printed model of chiral
tetrahelix (top); TEM (bottom left) and HR-TEM (bottom right) images of self-assembled 1D tetrahelices. Adapted with permission from Reference
13. (c) TEM image of sixfold quasicrystal-approximant SL (top left), with small-angle electron diffraction and computer model of SL (top center),
and wide-angle electron diffraction (top right); computer models of SL assembled by zip/log units (bottom left) and simulated wide-angle electron
diffraction (bottom right). Adapted with permission from Reference 13. (d) TEM image of 3D cluster-based back-centered-cubic (bcc) SL (left);
computer (top right) and 3D printed (bottom right) models of a cluster-based bcc unit cell. Adapted with permission from Reference 13. () TEM
image of tenfold single-component quasicrystalline SL (left); HR-TEM image of decagonal unit (top inset) and 3D model of local packing order
(bottom inset); small-angle electron diffraction displaying tenfold symmetry (top right); 3D printed model of local packing order (bottom right).
Adapted with permission from Reference 12. © 2018 AAAS. (f) Three-dimensional model of truncated tetrahedral Au NCs, with projection dem-
onstrating truncation extent (top); TEM images of Au tetrahedral NCs (bottom). Adapted with permission from Reference 17. © 2023 American
Chemical Society. (g) Superstructures formed during heterogeneous assembly of Au NCs in the presence of depletants. Adapted with permis-
sion from Reference 17. (h) Superstructures formed during homogeneous assembly of Au NCs. Adapted with permission from Reference 17. (i)
Superstructures formed during heterogeneous assembly of Au NCs without depletants. Adapted with permission from Reference 17.
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Recently, X. Ye et al. reported another quasicrystalline
SL from tetrahedral Au NCs with structural complexity.'”
The authors employed refined seeded-growth methods to
synthesize tetrahedral Au NCs that enabled fine control over
the Ambo truncation level of the vertices (Figure 5f). The
NCs exhibited excellent size and shape uniformity with an
average size of 70 nm, capped by 11-mercaptoundecanoic
acid and cetyltrimethylammonium chloride (CTAC) sur-
face ligands. Homogeneous self-assembly of such tetrahe-
dral NCs suspended in water yielded 3D supercrystals with
dodecagonal quasicrystalline symmetry in two dimensions
and periodic, layer-by-layer stacking of the dodecagonal
units in the third dimension.!” Interestingly, the cases of
quasicrystal formation from tetrahedral NCs reported by
both groups were accompanied by reports of various crys-
talline structures (Figure 5b—d, g—i). In the case of truncated
Au tetrahedrons, modification of assembly conditions again
changed end superstructures. However, precisely controlled
differences in vertices’ truncation (i.e., Ambo truncation)
were also shown to affect SL structures. When truncation
extent was systematically varied under different assem-
bly conditions, nearly ten different superstructures were
generated with varying levels of orientation alignment as
well as translational periodicity.!”?' In addition to shape
effects stemming from vertex truncation of the NCs, the
authors additionally found evidence that assembly condi-
tions drove the self-assembly processes toward different
end structures.'”?! Similar to the findings by the O. Chen
group in which environmental conditions such as substrate
and solvent identity affected the final superstructure,'>!? X.
Ye et al. found that substrate replacement, which modified
the assembly process from homogeneously occurring in
the bulk of the solvent to heterogeneously happening at the
solvent-substrate interface, drastically changed which struc-
tures formed from similar NC populations.'”?! Addition of
depletants (i.e., CTAC) also impacted the assembly process,
modifying the obtained SLs from hexagonal diamond phases
(in the absence of depletants) to cubic diamond phases (in
the presence of depletants).'”

Self-assembly of tetrahedral NCs into chiral systems

Outside of quasicrystal formation from tetrahedral NCs,
the Kotov group has pioneered superstructures with vari-
ous chemical and structural intricacies using truncated
tetrahedral CdTe QD NCs.>*>% In 2002, the group began
using CdTe tetrahedral NCs with Ambo truncation along
the vertices for self-assembly into complex superstruc-
tures.>* The CdTe NCs showed strong fusing ability on
the exposed facets, which transformed the long-range SLs
into fused thin nanosheets (Figure 6a—b).>* Recently, the
authors produced CdTe NCs coated with chiral cysteine
as the surface ligands, which acted as a templating agent
for the directed assembly of enantiopure tetrahelices with
controllable chirality (Figure 6¢).%° The Kotov group also
produced similar helices using light as a stimuli for the
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assembly of racemic tetrahelices,’” later additionally dis-
covering that circularly polarized light was capable of
biasing resulting tetrahelix chirality by up to 30 percent.®
The assembled helices exhibited controllable chiroptical
properties across an astonishing range of wavelengths
(ca. 300-1300 nm), with optical responses altering in
response to modified helical pitch (Figure 6d).>® A theo-
retical background was later established for these results,'’
which incorporated the earlier idea regarding ligand-ligand
interactions while additionally providing a sophisticated
geometric rationale related to the inability of tetrahedrons
to completely pack 3D space. In this model, ligand coronas
act as flexible linkers permitting rotation of tetrahedral
NC cores around connective axes between adjacent parti-
cles (Figure 6¢). In this way, the tetrahedrons can relieve
geometric frustrations associated with nonunity tiling pat-
terns.!®>® This theory was applied to justify the high inci-
dence of lower-dimensional structures formed from tetra-
hedral NCs, as higher-dimensional structures such as 3D
supercrystals lose rotational freedom on the single-particle
level in exchange for more attractive enthalpic connections
between NC surface ligands.

In 2022, the M. Jones group reported another striking,
yet simple, example of chiral structures from Au tetrahedral
NCs.*? They produced Au NCs with a size of 66.3 nm, capped
with positively charged CTAC and dispersed in water. Upon
evaporation of the solvent, the NCs formed a final struc-
ture determined by a balance of van der Waals interactions
between NC cores, repulsive electrostatic interactions from
CTAC ligands, and depletion forces.’® As a result, hexago-
nal “pinwheel” local ordering, in which two layers of NCs
form on a flat substrate with alternating polarity along the
vertical axis and a tilt angle in the horizontal dimension up
to 22° (Figure 6f). Due to the horizontal tilt of adjacent NCs,
this structure exhibited racemic chirality on the large scale,
with left-handed and right-handed enantiomers defined by
positive or negative tilts. The authors ascribed this remark-
able structure to the delicate balance between entropy and
surface ligand-based enthalpic effects; in this case, repulsive
electrostatic interactions between positively charged CTAC
molecules promoted an abundance of vertex-to-edge con-
nections, rather than the expected edge-to-edge or facet-to-
facet connections that would result in a more close-packed
“honeycomb” structure (Figure 6g—h).>® Later in the same
year, the Q. Chen group reported another example of chi-
ral structures from Au Ambo-truncated tetrahedral NCs.%°
Their Au NCs with a size range of ca. 32 nm—68 nm formed
remarkably similar chiral pinwheels upon evaporation of
aqueous solvent (Figure 6i—j). Photon-induced near-field
electron microscopy (PINEM), finite-difference time-domain
(FDTD) simulations, and circular dichroism measurements
were used to model and measure the chiroptical properties
of the assembled pinwheel SLs.%° The authors found that
the optical responses were dependent on the chiral twist
angle as well as the domain size of the measured SL, and



CHEMICAL AND ARCHITECTURAL INTRICACY FROM NANOSCALE TETRAHEDRA AND THEIR ANALOGUES

—L-CYS
——D-CYS
——racemic-CYS

400 600 800 1000 1200
Wavelength (nm)

@;»;m

CCW l cw
7")“

lv:ontragl

i

e
mé B

mierlayer

,"“} 2

rdination bond
‘ I y&)oo
rogen bond g

Sy
400 nm 100'm 100 nm

Figure 6. Chiral superstructures assembled from tetrahedral nanocrystals (NCs). (a) Transmission electron microscopy (TEM) image of nanosheets
assembled from fused CdTe tetrahedral quantum dot (QD) NCs. Adapted with permission from Reference 55. © 2006 AAAS.

(b) Three-dimensional models demonstrating local packing of NCs within nanosheets from the side (left) and top (right). Adapted with permis-

sion from Reference 55. (c) Scanning electron microscopy (SEM) image of chiral twisted ribbons formed from bundles of tetrahelices. Three-
dimensional model of twisted ribbon, with close-up to individual tetrahelix unit (inset). Adapted with permission from Reference 56. © 2020 American
Chemical Society. (d) Circular dichroism (CD) spectrum for solutions of twisted ribbons, color-coded for solutions with L-, D-, and racemic-cysteine
surface ligands. Adapted from Reference 56. (e) Three-dimensional model of twisted ribbon (left), with close-up views to

individual tetrahelix units from side (center top) and top (center bottom) views, and atomic model of cysteine interactions between adjacent

NCs (right). Adapted from Reference 56. (f) SEM images of left-handed (left) and right-handed (right) pinwheel superlattices (SLs), with 3D models
(insets). Adapted with permission from Reference 59. © 2022 Springer Nature. (g) Formation mechanism of chiral pinwheel structures from achiral
units. CW, clockwise; CCW, counterclockwise. Adapted with permission from Reference 59. (h) SEM images of pinwheel SLs, overlaid with a 3D
model demonstrating NC size, displacement, and tilt angle. Adapted with permission from Reference 59. () SEM image of Au tetrahedral NCs within
pinwheel SL. Adapted with permission from Reference 60. © 2022 Springer Nature. (j) Three-dimensional model displaying interparticle forces for
bilayer assemblies of tetrahedral NCs. Adapted with permission from Reference 60. (k) SEM images of large-scale (left, top) and small-scale

(left, bottom) pinwheel assemblies with identical chiral twist angles, with corresponding photon-induced near-field electron microscopy data
(center) and finite-difference time-domain simulations (right). LD, large domain; SD, small domain. Adapted with permission from Reference 60.

(I) Computer model of liquid cell TEM setup for in situ measurements. Adapted with permission from Reference 60. (m) Time-resolved snapshots of
pinwheel self-assembly process, taken in situ using liquid cell TEM. Adapted with permission from Reference 60.

therefore highly tunable simply through small modifications
to the Au NC shape via Ambo truncations, or assembly con-
ditions (Figure 6k). In situ TEM imaging allowed dynamic
characterization of the formation processes of the pinwheel
structures (Figure 61-m).®° Their observations also support
the model of chiral pinwheel superstructures forming based
on a delicate thermodynamic equilibrium between surface
ligand repulsions and entropic close-packing biases. Interest-
ingly, the authors additionally ascribed geometric frustrations
to the formation of the 2D planar structures rather than 3D
supercrystals, arguing again that the inability of tetrahedrons
to completely fill space in three dimensions biased assembly
processes toward lower-dimensional structures, which incor-
porated complex structural elements such as chiral twists to
relieve remaining packing frustrations.'%->-6

Coda

Researchers in the NC self-assembly field have long been
in pursuit of functional superstructural nanomaterials,
extending beyond fundamental studies. This quest embraces
diverse objectives, ranging from achieving structured mate-
rials with specific functions to emulating out-of-equilibrium
states seen in biological systems.!%!!61-6% The findings high-
lighted in this article underscore the distinctive role that
nanoscale tetrahedral and tetrahedral-analogue particles
could play in advancing these goals. By investigating the
assemblies of tetrahedral-type NCs at various levels from
geometrical arrangement to entropic and enthalpic states,
one can harness structural and property information that
is inaccessible through the study of NC superstructures of
other types.**"!
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Recent dedicated efforts in tetrahedral-type NC self-assem-
bly have advanced the field forward since the initial reports
of monolayer or localized superstructures.*®*7*° Notably, our
conceptual understanding of the forces governing tetrahedral
NC self-assembly has evolved from basic 2D models explain-
ing short-range orientational alignments to sophisticated 3D
structures incorporating ligand-involved effective shapes and
interparticle interactions.'*!"1%213! These models play a cru-
cial role in elucidating the intricacies of dynamic assembly pro-
cesses, with the aim of transcending the constrains of current
knowledge and progress into comprehensive frameworks that
consider a myriad of determining factors such as NC and surface
ligand interactions, solvent and substrate effects, geometric
considerations, and external forces. Fortunately, prior experi-
mental observations, theoretical insights and their convergence
have successfully demonstrated the feasibility of precise con-
trol and characterization of these aspects influencing tetrahedral
NC self-assembly,?%-38:40:41.72-76

Despite growing recognition of the importance of tetra-
hedral-type NC self-assembly, a universal set of design prin-
ciples encompassing a holistic approach for systematically
tuning the assembly samples to obtain desired superstruc-
tures remain elusive. Consequently, the vast potential of the
nanoscale tetrahedron and its analogues as structural and func-
tional building blocks is yet to be fully realized. As the library
of tetrahedron-based SLs expands while researchers continue
refining the system, we expect that ongoing efforts will gradu-
ally narrow existing gaps in our understanding of tetrahedral
self-assembly. This progress should ultimately allow us not
only to predict end SL structures with knowledge of relevant
parameters, but also to design superstructural nanomaterials
for the next generation, bridging both fundamental sciences
and practical applications. In short, the devoted efforts in the
field of tetrahedral-type NC self-assembly have already laid
a solid foundation, placing the field in a position where it
“stands on the shoulders of giants.” We eagerly anticipate
forthcoming advancements from such a vaunted position in
the near future.
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