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ABSTRACT: Parastichy, the spiral arrangement of plant organs, is an
example of the long-range apparent order seen in biological systems. These
ordered arrangements provide scientists with both an aesthetic challenge
and a mathematical inspiration. Synthetic efforts to replicate the regularity
of parastichy may allow for molecular-scale control over particle
arrangement processes. Here we report the packing of a supramolecular
truncated cuboctahedron (TCO) into double-helical (DH) nanowires on a
graphite surface with a non-natural parastichy pattern ascribed to the
symmetry of the TCOs and interactions between TCOs. Such a study is
expected to advance our understanding of the design inputs needed to
create complex, but precisely controlled, hierarchical materials. It is also one
of the few reported helical packing structures based on Platonic or
Archimedean solids since the discovery of the Boerdijk−Coxeter helix. As
such, it may provide experimental support for studies of packing theory at the molecular level.

■ INTRODUCTION

Ordered systems with a high degree of regularity are ubiquitous
in nature and include such canonical constructs as the double
helix of DNA1 and the protein sheath of the tobacco mosaic
virus.2 The underlying aesthetics have fascinated artists and
inspired scientists for centuries. When observed from a
particular viewpoint, a class of natural ordered arrangements,
typically referred to as parastichy in botany, gives rise to helical
patterns, as seen in the leaves, florets, and bracts of certain
plants.3 An understanding of parastichy has advanced our
understanding of plant growth and has led to advances in
mathematics that, in turn, have helped with the classification of
plants.2−5 For instance, the bracts on the surface of pineapples
(shown in Figure 1a) are designated as (5, 8, 13) in the language
of parastichy. These values represent three consecutive numbers
within a Fibonacci sequence. The term parastichy has also been
used to classify the tubular parts of bacteriophages as well as
other natural existing or theoretical possible patterns on tubes.2

More broadly, the study of natural and artificial systems
containing an ordered arrangement of subunits, e.g., DNAs,1

proteins,6 supramolecular columns,7−9 etc., has revealed
intriguing connections between number theory and packing
theory.2,4,5 The resulting insights are inspiring current efforts to
design and synthesize novel materials with desirable proper-
ties.10 Nevertheless, generating systems with helical order,
including those that mimic parastichy, remains a challenge. This

is particularly true for particles packed at the nano- and
molecular scale.11

Building on the principles of coordination-driven self-
assembly,12−29 we have now prepared a truncated cuboctahe-
dron (TCO), one of the 13 Archimedean solids, which possesses
six octagonal, eight hexagonal, and 12 square facets. On the
surface of highly ordered pyrolytic graphite (HOPG), the
present TCOs further assemble into nanowires. The resulting
surface patterns are similar to those seen in botanic and
biological parastichies with a double-helical (DH) pattern being
readily apparent if viewed from a particular perspective (Figure
1b−d). This non-natural parastichy arrangement is classified as
[4, 2](0, 1, 2) according to the nomenclature of parastichy
theory.2 This packing represents a subpacking of the 3D
superstructure seen in a single-crystal X-ray diffraction-based
solid-state structure. Thus, in contrast to botanic parastichies,
which are governed by auxin and stress fields from shoot apical
meristems,3 the present system relies on relatively rigid subunits
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that support particle−particle and particle−substrate interac-
tions in a controlled hierarchical fashion, as inferred from
simulations. It also differs from the well-known Boerdijk−
Coxeter helix, which is linearly packed with tetrahedra. Since the
latter system was disclosed in 1952, very few new helical packing
structures based on either the Platonic or Archimedean solids
have been reported.30−32 Were such arrangements available,
they could provide new experimental predicates that would
allow advances in packing theory to be made while increasing
our understanding of the rules governing the self-assembly of
complex functional materials. As a first step toward exploring
this latter possibility, the nanowires formed from TCO on the
HOPG surface were transferred to other substrates. This could
be done without losing integrity. This has permitted further
characterization studies and initial conductivity measurements
as discussed further below.

■ RESULTS AND DISCUSSION

Self-Assembly and Characterization of the Complex.
As a prelude to our parastichy studies, we first assembled a
discrete TCO using a 120° bent diplatinum(II) motif (DP) and
a zinc 5,10,15,20-tetra(4-pyridinyl)-21H,23H-porphyrin (ZP)
in a 2:1 ratio (Scheme 1). A 1H NMR spectral analysis of the
resulting TCO (Figure 2a) revealed characteristic downfield
shifts for the pyridinyl protons. Such spectral shifts are
consistent with the proposed coordination between the
pyridinyl group and Pt(II). The broad nature of the signals
may reflect slow tumbling motion on the NMR time scale as
seen in other large symmetric structures.20−22 A 2D diffusion-
ordered NMR spectroscopy (DOSY) analysis in d6-DMSO

revealed a single band at logD = −10.4 (Figure 2b),
corresponding to a discrete architecture. The results of detailed
NMR spectroscopic studies are summarized in the SI (Figures
S5−S14).
After deconvolution of the ESI-MS spectrum (Figure 3a), the

averagemolecular weight was determined to be 40328 + 78nDa,
matching well with the formula of TCO ([Pt48(C37H68OP4)24-
(C40H24N8Zn)12]

48+
·48(OTf−)·n(DMSO), n = 1−8, solvent

adducts, Figure S15). Due to the limitation of our TOF analyzer,
we were unable to obtain a fully satisfactory isotope pattern.
However, an ion mobility−mass spectrometry (IM-MS)
spectrum (Figure 3b) proved consistent with the formation of
discrete and shape-persistent supramolecules free of other

Figure 1. Natural and non-natural parastichy packings. (a) Pineapple
showing the pattern-defining parastichy numbers (5, 8, 13). (b and c)
Paper model of a TCO nanowire of this report highlighting the non-
natural parastichy. (d) View of the cylindrical nanowire in b and c
unrolled and flattened onto a plane along the long axis. The circles
(TCOs) within a given level are assigned numbers used to categorize
parastichies in plants per the Fibonacci sequence, e.g., 2, 4, 6, 10, 16, 26,
and 42. A helical pattern with the non-natural t = 1 parastichy is
highlighted in purple.

Scheme 1. Self-Assembly of TCO from DP and ZP Ligands

Figure 2. (a) 1HNMR spectra (500MHz, 298 K, solvent d6-DMSO) of
ZP (top), TCO (middle), and DP (bottom); (b) 2D DOSY spectrum
of TCO.
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isomers. The results of atomic force microscopic studies
(uniform dots, average height: ∼5.6 nm, Figure S17) and
transmission electron microscopy (average diameter: ∼6 nm,
Figure S18) provided further support for the proposed structure.
Single crystals (∼ 50 μm, Figure S16) were obtained by slow

diffusion of toluene vapor into a DMF solution of the presumed
TCO. Synchrotron X-ray radiation was used to collect
diffraction data. The size of the TCO led to a large unit cell (a
= b = 68.6 Å; c = 77.3 Å; space group I4/m), as well as large
structural voids encapsulating disordered contents. Thus, as true
for several recently reported giant spherical supramole-
cules,20−22,25,33 the TCO crystals might best be classified as
clathrates instead of conventional single crystals. These
limitations, coupled with the fragility of the crystals, resulted
in diffraction data with a best resolution of 1.7 Å. This resolution
is comparable to that of some protein crystallographic studies,34

but is considerably lower than what is seen for typical small-
molecule analyses.
In order to analyze the diffraction data, the crystallographic

methods of protein and small-molecule crystallography were
combined; this allowed us to build a model and refine the
structure (for details see the SI). Although inadequate in terms
of defining specific structural details, this crystallographic
analysis did serve to confirm the connectivity/topology of the
system as a whole and to establish the basic packing properties of
the individual subunits. For instance, the electron density map
allows us to conclude that 24DPs and 12 ZPs are linked together
to form a TCO with 12 solid squares, as well as eight hexagonal
and six hollow octagonal faces, respectively (Figure 4 andMovie
S1). The C4h symmetry of the cage departs from an ideal Oh

symmetry and presumably reflects distortions arising from the

somewhat flexible nature of the subunits that make up the
present TCO. It is important to appreciate that this particular
TCO is among the largest metallo-supramolecular cages ever
reported20−22,25 and that the structural resolution is as good or
better than that recorded for other superlarge metallo-
ensembles. Nevertheless, the structural model derived from
the X-ray diffraction data should be considered as supportive,
rather than definitive, as would normally be the case for a small-
molecular single-crystal-based diffraction analysis.
Within the crystals, a body-centered-tetragonal (BCT)

packing of distorted TCOs is observed. The ZP squares within
one TCO are found to lie parallel and face-to-face with ZP
squares present in adjacent TCOs, albeit with a slight lateral
displacement. Solvent (dimethylformamide, DMF) and coun-
terions (triflate anions) are present between the porphyrin
planes. The interplanar distances between ZPs depend on the
specifics of these intervening species, being 7.08 Å when only
DMF is present between the planes and 10.5 Å when both DMF
and counterions are present between the planes (Figure S1).
The cofacial orientation of the porphyrins in the TCOs is thus
reminiscent of the bacteriochlorophyll dimer seen in the special
pair of photosynthetic bacteria.35 However, the nature of the
stabilization differs. Rather than π−π donor−acceptor and
protein-based effects, in the case of the packed TCOs, it is
porphyrin-solvent/counterion-porphyrin arrangements that
serve to bring the adjoining porphyrins into close proximity.
Presumably, the presence of counteranions and solvent
molecules serves to reduce the electron repulsion that would
otherwise arise as the result of the Pt(II) ions surrounding each
ZP. The net result is a diffuse porphyrin−porphyrin contact
(termed Por−Por) between individual TCO “building blocks”.

Packing of TCOs on a HOPG Surface. Given their ability
to interact through Por−Por contacts, we set out to explore the
packing behavior of the TCOs on HOPG. We appreciated that
porphyrins are able to form ordered arrays on either liquid/solid
or air/solid interfaces.36−41 We thus expected to obtain a 2D
monolayer of TCOs on HOPG as the result of putative
stabilizing π−π interactions between the ZP squares and the
graphite surface.40−42 However, to our surprise drop-casting a
TCO solution in DMF on HOPG and allowing for only a short

Figure 3. (a) ESI-MS and (b) TWIM-MS plots (m/z vs drift time) of
TCO.

Figure 4. Crystal structure of a TCO.
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incubation time (<30 s) gave rise to DH nanowires with
ultralong lengths and uniform diameters, as inferred from
scanning tunneling microscopy (STM), scanning electron
microscopy (SEM), and atomic force microscopy (AFM)
(Figure 5a−i, Figures S19−S21) studies carried out under
ambient conditions. Elemental mapping images (Figure 6b−f)
and an energy-dispersive X-ray spectrum (EDX) (Figure S19) of
the nanowires revealed the presence of all the elements making
up the TCO building blocks. Control STM studies involving, for
example, clean or solvent-treated HOPG were carried out; none
of these controls gave rise to the DH nanowire patterns (Figure
S24). We further conducted 1D small-angle X-ray scattering
results (SAXS) to characterize the 1D nanowires that we
propose form on the HOPG (for details see the SI). The SAXS
curve (Figure S26, 48 h incubation time) shows peaks at q≈ 0.9
and 0.6 Å−1 with spacing of ca. 0.7 and 1.1 nm, respectively.
These distances correspond to what would be expected for the
two types of TCO−TCO spacings inferred from the single-
crystal data (Figure S1).

Zoomed-in STM images revealed more detailed packing
information for the TCOs present on the substrate (Figure 5b−
f). Specifically, two types of patterns are observed, i.e., helical
patterns with a relatively narrow diameter (∼15 nm, right-
handed shown in Figure 5b,c, left-handed shown in Figure S20)
and planar (Figure 5d−f) patterns with broader diameters (∼20
nm). The helical patterns are mainly found on the step edges of
HOPG, whereas the more planar ones are mostly observed on
the HOPG basal planes. Based on precedent provided by other
self-assembly studies, we suggest that all the observed nanowires
actually assemble on the step edges due to step edge
decoration.43 Although further analysis is needed, we propose
that the twist or handedness of the helical pattern is induced by
the helical structures of the step edge.44 To the extent such
thinking is correct, the planar patterns observed on the basal
plane would have their origin on the step edges and then be
displaced/rotated during sample preparation.
Notably, helical patterns were observed together with planar

patterns. These deformations are ascribed to the extremely large

Figure 5. (a) STM imaging of twin nanowires. Zoomed-in images of the nanowires grown on (b, c) the step edges and (d−f) the basal plane of HOPG.
(g−i) SEM imaging of ultralong nanowires on HOPG. DH pattern extracted from the crystal lattice: (j) top view and (k) side view, helical pattern
composed of double helically and linearly arranged TCOs; planar pattern viewed by rotating the helical pattern by 90°.
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length-to-diameter ratio of the DH nanowires (104). This leads
to insufficient stiffness to maintain rotational integrity and
prevent twisting (helical pattern reason). In the event, all of the
nanowires observed on the step edges of the HOPG were found
to occur as closely spaced parallel pairs. These unique packing
characteristics are ascribed to the so-called Smoluchowski
effect45 as well as to the adsorbate-induced surface electronic
perturbations that are often seen when small organic molecules
pack onto metal surfaces46,47 (cf. the SI for a more detailed
discussion).
Based on the dimensional information inferred from the STM

studies, a paper model for the DH nanowire was constructed,
along with animation models leading to its formation. These
studies provide support for a structure wherein all the TCOs are
packed such that the individual squares are oriented in a face-to-
face manner stabilized via putative interparticle interactions
involving the ZPs (Figures 1b,c and S41; Movies S2 and S3).
The contact between the helical patterns shown in Figure 1b,c
and the arrangement of the ZP squares on the HOPG are
ascribed to stabilizing interactions involving the ZP subunits.
These interactions can include direct π−π donor−acceptor
contacts or the anion and solvent bridging charge neutralization
effects discussed above. The net result is that in all cases the ZP
subunits can self-assemble further via Por−Por interactions.
We reasoned that the arrangement of the individual TCOs

within the nanowires on the HOPG surface should reflect
interactions that are consistent with what is seen in the 3D
packing observed within the single crystal subject to X-ray
diffraction analysis. On the basis of this assumption, we extracted
a DH nanowire pattern from the crystal structure along the body
diagonal axis of the unit cell with a hexagonal cross section
containing seven polyhedra (Figures 5j and S2). This particular
nanowire is formed by wrapping two helices (yellow and purple)
around a straight rod (green) using the same dimensions derived
from the STM imaging. Each TCO within the central rod is
surrounded by 12 TCOs via interactions involving ZP squares.
Helical and planar patterns can also be seen when the extracted
superstructure is rotated along its long axis (Figure 5k, Movie
S4).

Using the methods developed to characterize parastichy,2 we
analyzed the non-natural helical arrangement of TCOs on the
wall of the nanowire without considering the central rod. To do
this, each TCO was represented by a circle. An unrolled plane
was then obtained by cutting the nanowire along its long axis
(Figure 1d, Movie S5). This analysis revealed a parastichy
number, t = 1, that is exceptionally rare in nature. The DHs
propagate as a zigzag spiral stair and are formally named as
[4,2](0,1,2). Detailed descriptions of the naming schemes for
parastichies are provided in the SI.

Transferring the DH Nanowires off HOPG for
Fabricating Devices. To investigate the physical properties
of the self-assembled nanowires for potential applications in
nanoelectronic devices, we transferred the ensembles formed on
HOPG onto other substrates (for details see SI, Figure S33).
AFM (Figures S27, S34, S35), transmission electronmicroscopy
(TEM, Figure 6a and Figures S28−S31), and elemental
mapping images (Figure 6b−f) were then recorded. Notably,
the characteristic elements of the TCO framework, as well as
those of the counterions (i.e., P, Zn, Pt, F, and S; and Figure S32,
Table S2), were observed. This was taken as support for the
suggestion that the integrity of the nanowires remained intact
after transfer. The nanowires are likely to bundle together during
the transfer process (Figures S28 and S29). In the case of the
nanowires transferred onto an ultrathin carbon-coated Cu grid,
separated twin nanowires could be observed as closely spaced
parallel pairs at the edge regions of the bundled wires. High-
resolution TEM (HRTEM) images were collected on a set of
twin nanowires. The electron beam dose was carefully
controlled to prevent damaging the nanostructure (see SI for
details, Figure S30). Lamellar patterns were clearly observed
with a d-spacing around 0.75 nm (Figure S31), which agrees well
with the image based on the DH nanowire model with Zn and Pt
atoms only (Figure S31j), as well as the SAXS data recorded for
nanowires onHOPG surfaces (Figure S26). Although ostensibly
different patterns were observed via HRTEM and STM, it is
important to appreciate that HRTEM reflects the nanostruc-
tures, while STM probes the surface morphology.
After transferring the nanowires onto a SiO2/Si substrate with

Au/Cr contacts, we carefully recorded the I−V curve of the

Figure 6. (a) TEM image of bundles of transferred nanowires on a lacey carbon supported Cu grid; (right inset) zoomed-in HAADF-STEM (high-
angle annular dark-field scanning transmission electron microscopy) image used for element mapping. (b−f) Element mapping of selected areas. (g)
I−V characteristics at a series of different bias voltages for the transferred nanowires (marked as NWs) between contacts 1 and 3 (left inset).
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resultant device by applying various bias voltages (Figures 6g
and S36 and S37). Characteristic conductivity I−V curves with
highly symmetric shapes were obtained at all applied voltages
(0.5−20 V; average resistance: 8.0± 2.7 GΩ), with high stability
and reproducibility (Figures S36 and S37). IDS−VGS curves of
the transferred devices were tested, and the results are shown in
Figure S39. From the curve we could calculate the on−off ratio
as 3.2, themobility as being ca. 9× 10−2 cm2

·v−1·s−1, and that the
device acts as a p-type semiconductor. Since the distance
between every two cages is beyond the π−π interaction range for
electronic conduction, the conductivity of the devices could
come from contacts between the porphyrin-Pt(II) subunits
(with 8+ charges around each porphyrinic unit) as a result of
thermal motion, which leads to p-type mobility. The fact that
these transferred nanowires display high stability and good
reproducibility leads us to speculate that they could find
potential applications for fabricating p-type nanoelectronic
devices. We thank a reviewer of this article for calling this
possibility to our attention.
Simulations of the Packing. To understand better the DH

pattern using packing theory, the TCOs were modeled as perfect
hard polyhedral particles, with and without considering Por−
Por interaction. This was done so as to mimic the effects of the
porphyrin-solvent/counterion (DMF/triflate)-porphyrin inter-
actions seen in the solid state (vide supra), as well to explore what
might be expected in their absence (Figure 7). Adaptive-
shrinking-cell Monte Carlo (MC) simulations were then
performed using these two limiting hard particle models.48

Recent studies have indicated that the self-assembled super-
structures are intimately related to the dense ordered packings of
the constituent building blocks in 3D Euclidean space.48−51 The
corresponding self-assembly process can be either driven by
directional entropic forces to maximize the face−face contacts
between the particles50 or driven by facet−facet interactions
between the building blocks.52,53 In the present instance, the
individual components are monodispersed TCOs with distinct,
porphyrin-based interacting faces; this stands in contrast tomost
previous experimental studies that relied on the use of
polydispersed nanoparticles as the building blocks.54−57

We first analyzed hard TCOs without considering the
proposed Por−Por interactions. Under this scenario, the
TCOs were found to self-assemble into a Bravais lattice packing
with a triclinic unit cell and a packing fraction (amount of space
covered by the particles)φ≈ 0.849 (Figure 7c). Such a relatively
dense packing is consistent with the reported theoretical48 and
experimental (involving metallic nanoparticle systems)54

packing arrangements seen for centrally symmetric polyhedral
particles driven by entropy. Next, we introduced Por−Por
interactions on the square facets as done in the case of other
models.53 This allows for an effective finite-ranged attraction
between a pair of square facets, the details of which depend on
the projected overlapping area, the center-to-center distance,
and the dihedral angle between the two facets (see SI for
details). As shown in Figure 7a,b, with this model the TCO
particles self-assemble into face-centered-cubic (FCC) arrange-
ments with a packing fraction φ ≈ 0.688 wherein each particle

Figure 7. Simulation of the TCO packing leading to DHs. (a) TCOmodel with porphyrin-based faces (in red) capable of interacting with other such
domains. (b) Portion of the hierarchical structure resulting from the simulated packing of TCOs with Por−Por interactions (see text for definition)
whose self-assembly process is enthalpy-dominant. (c) Assembly of TCOs without considering Por−Por interactions under an entropy-driven
scenario. (d−f) Simulated self-assembly process of the DH packing of TCOs including Por−Por interactions along the step edge on anHOPG surface.
(g) Top and (h, i) side views of the 1D packing of the TCOs with Por−Por interactions in the DHs; this model proved consistent with the
experimentally obtained 1D superstructure.
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contacts 12 neighbors through Por−Por interactions. Although
free of the slight distortions seen in the X-ray crystal structure
discussed above, the simulated FCC packing is fully consistent
with the experimental results. This leads us to conclude that self-
assembly processes involving the TCOs will be dominated by
facet Por−Por interactions.
Finally, efforts were made to simulate the self-assembly

leading to the formation of the observed single nanowire along
the step edge of HOPG under conditions of short incubation
times. In contrast to what is true for the packing of polyhedra in
3D infinite space and other confined geometries,29,54−58 little is
known about the determinants governing assembly in such
more-open surface environments. The geometrical constraints
provided by the HOPG step edge were modeled by employing
hard-wall conditions at the bottom (and top) boundary of the
simulation domain. Periodic boundary conditions were used for
the other boundaries. In addition, we introduced a straight belt
on the bottom wall of the simulation domain to model the
substrate−ZP interactions and the attraction between square
facets of individual TCOs at the step edge due to the
Smoluchowski effect45 (see SI for details). With the temperature
kept at T0 during the simulation, the initial packing fraction was
found to be φ≈ 1%, a value that increased slowly as the distance
between the bottom and top wall was reduced. During the initial
stages of the simulation, a column of TCOs nucleates and
deposits on the belt (step edge), with the square facets attaching
to the surface as the result of the “sticky” interactions between
the ZP squares and the graphite surface. This first column then
serves as a template for the subsequent deposition of TCO
particles. These new particles tend to maximize the number of
square−square contacts and thus minimize the total energy
(Figure 7d−f and Movie S6). The nanowire packing as
simulated in this way is shown in Figure 7g−i. As the simulation
proceeds, additional TCOs become deposited; eventually, this
results in conversion of the DHs formed initially into 3D
superstructures analogous to what is observed in the crystalline
state. These simulation studies thus provide support for the
notion that the DH nanowires both are a substructure of the
higher order TCO-based superstructure analyzed by X-ray
diffraction analysis and can serve as a template for its growth.
The premature lines of TCOs predicted to exist at the very initial
stages of growth could be observed by STM by controlling the
incubation time (Figure S25). The lines are seen at the bottom
edge of the step (Figure S25b). Per our model, these incipient
structures allow for the further growth of DH nanowires. Once a
single nanowire is assembled, it perturbs the electronic structure
of the nearby HOPG surface, leading to the formation of parallel
nanowire pairs (for details see the SI). Moreover, with various
incubation times (from 10 s to minutes), increasing numbers of
parallel nanowires were observed by STM imaging from single
chain to monolayer 2D arrays made up from numerous chains
(Figure S22).
It is important to appreciate that, as with the 1Dmodeling, the

self-assembled 3D superstructures obtained through simulations
are more symmetric than those actually inferred from the studies
of the HOPG-supported DHs. Nevertheless, there is a
remarkably good match to experiment.

■ CONCLUSIONS

A giant spherical supramolecule with precisely controlled size
and arrangement of porphyrin facets was successfully assembled
through coordination-driven self-assembly. Such a complex
supramolecule with the symmetry of a truncated cuboctahedron

was observed to be packed on the HOPG surface into DH
nanowires as a non-natural parastichy pattern. These nanowires
were further transferred off the surface for fabricating an
electronic device without losing integrity. A detailed simulation
study revealed that the “sticky” interactions between ZP squares
of two TCOs or the graphite surface guided the formation of the
unprecedented packing behavior of the polyhedra.
This study leads us to propose that a combination of packing

theory-based simulations and detailed studies of superstructures
can advance our ability to synthesize large, rigid constructs from
simple building blocks and understand how they will interact to
produce self-assembled materials whose complexity matches
that seen in the biological world. With the predictive capability
of our model verified in the present instance, we suggest that a
next step could involve the computational-based design of
polyhedral supramolecular building blocks with optimized
shapes, symmetries, and interactions to achieve new self-
assembled structures. We also propose that it will prove possible
to define the design space based on the area, distribution, and
interaction range of the facet−facet contacts and employ either
stochastic optimization or machine-learning-based methods to
identify optimized features of the building blocks that will
support the creation of highly complex structures. We are
currently working along these lines.
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