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CONSPECTUS: Nanocomposite materials can achieve desirable characteristics
otherwise unavailable to single component systems, making them attractive
platforms to precisely modulate a material’'s mechanical, electromagnetic, thermal,
and optical properties. Because these properties are often dependent on the
organization of constituent materials just as much as their relative composition,
intentionally programming composite properties requires hierarchical structural
control across many length scales. However, the fundamental forces governing the
atomic, molecular, nanoscale, microscale, and macroscale composition and
structure of a material are all interlinked, and thus must be manipulated
simultaneously to properly create ideal designer materials. This fundamental
interdependency indicates the need for a “systems materials science” approach to
rational nanocomposite design. Much like the fields of “systems biology” and
“systems chemistry”, a “systems materials science” approach would emphasize emergent connections arising from complex networks
of interactions between individual components. In the context of materials synthesis, a systems-level approach would need to
consider how structural changes across multiple length scales (chemical bonding, nano- and microstructural evolution, macroscopic
geometry) influence one another during all steps of material synthesis and processing.

In this account, we highlight our recent work exploring pathways to “systems materials science” inspired design via the development
of versatile, programmable, and scalable nanocomposite building blocks. Our group has established a suite of polymer-grafted
nanoparticle designs that are inherently composite architectures, containing rigid inorganic cores with dynamic polymer ligand
brushes. These building blocks provide molecular and nanoscale handles to dictate particle assembly into higher-order structures by
exploiting biomolecular recognition, supramolecular chemistry, nanoparticle synthesis, and an array of different processing
conditions. Moreover, they also enable systems-level approaches to material design, as they provide a means of using nano- to
macroscale modifications to material structure as a means of altering molecular to nanoscale behaviors. We outline the advancements
that have guided our thinking about composite synthesis, underscore key design motifs, and detail how feedback and feedforward
mechanisms can govern structure formation at multiple length scales.

The contents of this account are organized by length scale, starting with an examination of molecular interactions capable of guiding
assembly. This section considers the trade-offs between precision and scalability, culminating in a discussion of strategies which
provide a balance of programmability, compositional versatility, and accessibility. We proceed to describe the thermodynamic
principles of building block assembly, showing how the resulting nanostructures can be dictated via both composition and assembly
environment. Further, we connect molecular and nanoscale design considerations to higher order mesoscale structures (with
principal dimensions ranging from hundreds of nanometers to hundreds of microns). We discuss the kinetic factors controlling long-
range ordering and the additional variables they overlay on design and assembly techniques. Following this, we discuss macroscale
structural features where we emphasize the difficulty in processing and manipulating these materials while maintaining or
programmably modulating their nano- and microscale order. We end with an examination of relevant application areas for these
hierarchical composites, the implications of recent advances, and key challenges for future research. From this work, we conclude
that “systems materials science” will be a critical guiding philosophy to advancing nanocomposite design and development.

B INTRODUCTION

Composites integrate multiple components to achieve proper-
ties that cannot be exhibited by one component alone, and
therefore represent an important class of materials for advancing
many biomedical, energy, structural, and transportation-related
technologies.' > Polymer nanocomposites (consisting of nano-
scale filler particles embedded within a macromolecule matrix)
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Figure 1. Hierarchical construction of nanocomposite materials with structural organization bridging various length scales. This design concept
emphasizes a “systems materials science” approach, where structural features at all of these length scales must be considered to fully control and

understand material properties, processing, and performance.

are a quintessential example of the potential of this materials
design strategy, as polymers often possess desirable mechanical
properties and processability, but exhibit narrower ranges of
thermal, magnetic, and electrical properties compared with
inorganic substances. Blending these two disparate material
types thus enables far greater versatility in tailoring structure—
property relationships. However, the properties of these
materials are dictated by more than just the composition of
the constituent pieces, as filler organization can heavily influence
material behavior.'™ Examples include the formation of
percolating particle networks that break the “rule of mixtures”
in dictating thermal or electrical transport properties, or
emergent phenomena arising from interactions between
adjacent particles (for example, optical or magnetic coupling).
Thus, to intentionally program composite properties for use in
functional applications, it is critical to manipulate material
architecture hierarchically across multiple length scales via
simultaneous control of atomic and molecular composition,
nanoscale organization, microstructural features, and final
macroscopic geometry.

The enormity of this task (controlling material ordering
across ~10° length scales simultaneously) inherently demands a
system-level perspective. A “systems materials science” approach
to design would need to emphasize the connections between
chemical bonding, microstructural evolution, and macroscopic
shape changes during all steps of material synthesis and
processing. By understanding how structure changes at each
length scale affects the organization of motifs at both larger and
smaller size regimes, the final structures, properties, and
performance of a hierarchical material could be intentionally
and rationally programmed (Figure 1). Moreover, particular
attention should focus on the interdependency of these
behaviors—that is, understanding how small building blocks
collectively interact to generate specific meso- or macroscale
motifs, and how these larger forms can feed back to influence the
individual bonding interactions governing the assembly process.

One of the first steps toward a systems materials design
concept for hierarchical composites is therefore to elucidate
appropriate building blocks that have structural features that can
be intentionally programmed at these different length scales.
Our group has tackled this challenge by developing a suite of
polymer-grafted nanoparticles that are inherently composite
architectures, containing both rigid inorganic cores and soft
polymeric brushes.”™ These designs provide a major advantage
in the investigation of “systems” approaches to materials
synthesis by using molecular and nanoscale handles to
manipulate assembly during the formation of higher-order
structures, and also allowing nanoscale design features to alter
supramolecular behavior. By exploiting biomolecular recog-
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nition, supramolecular chemistry, nanoparticle synthesis, and
processing methods, we have begun to outline a potential
pathway toward a “systems materials science” approach to
developing new polymer composites. Here, the influence of
different length scale structures (from molecular to macro-
scopic) will be discussed, culminating in examples of how
hierarchical systems affect composite properties and perform-
ance. We outline the steps that have led to this means of thinking
about composite synthesis, as well as key challenges for future
advancement of the field.

B BUILDING BLOCKS FOR SELF-ASSEMBLY

To synthesize targeted materials with hierarchical structure from
the bottom up, proper design of the fundamental building blocks
is crucial. Because polymer nanocomposites can consist of many
different types of polymers or nanoparticles, developing general
principles for tailoring the interactions between these
components would enable more versatility in materials develop-
ment. As such, a key starting point for investigating systems-level
approaches to hierarchical composites is the judicious selection
of molecular and supramolecular interactions that enable
control over particle—particle and particle—matrix bonding to
permit the directed assembly of complex structural features
(Figure 2).

The well understood and highly specific interactions of
Watson—Crick base pairing therefore makes DNA an ideal tool
for establishing generalizable principles that can be used to
rationally program composite hierarchy. For example, synthetic
oligonucleotides grafted to nanoparticle surfaces can drive
particle assembly into a myriad of different superlattices as a
function of both nucleotide sequence, particle size, and shape
(Figure 2C)."""" These building blocks have been thus dubbed
“programmable atom equivalents” (PAEs), as they tend to form
crystalline arrangements structurally analogous to atomic
crystals, but with significantly greater control and predictability
in lattice design.'” Moreover, unique nanoscale-derived proper-
ties have been observed (for example, enhanced stability or
binding constants compared to isolated DNA strands),
indicating that the organization of multiple macromolecules
on a nanoparticle scaffold can influence the behavior of
collections of biomacromolecules.'”'* Because the scientific
principles governing the DNA interactions between nano-
particle-based systems have been extensively covered in prior
work, we direct the reader to previous literature on the
topic; °~"” subsequent sections will discuss how these supra-
molecular interactions control larger length scale features in
PAE nanocomposites. However, it is important to note here that
synthetic oligonucleotides are unfortunately synthesized at
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Figure 2. Bonding interactions that can be used to control brush particle building block assembly. (A) Composite bonding can be either permanent or
dynamic with a tunable range of interaction strength. (B) Polymer chains can be permanently cross-linked through chain-end or side-chain reactions.
(C, D) Dynamic binding can be tuned through a range of supramolecular, dynamic covalent, or metallic interactions (synthetic), and also by

programmable DNA hybridization (biological).

significantly lower scales than typical commodity polymers,
limiting the sizes of objects that can ultimately be fabricated.
Additionally, although minor modifications to DNA’s molecular
structure can alter its assembly, the programmability of DNA
relies on a rigid set of supramolecular interactions that prevent
significant variation in its composition, properties, or assembly
conditions. Thus, while DNA provides a valuable blueprint to
outline design considerations for using supramolecular assembly
to synthesize hierarchical composites, additional building blocks
that expand upon these principles are needed to fully develop
composites via a “systems-level” approach.

In contrast to DNA, synthetic polymers possess greater
compositional variation, scalability, and processability. Polymer
nanocomposites containing brush-coated particles typically graft
ligands of the same composition as the matrix polymer onto the
nanoscale fillers.'"® These brushes overcome unfavorable
interfacial interactions between filler and matrix, thereby
improving filler dispersion. However, polymer brushes only
fully entangle with the surrounding matrix chains when they are
of sufficient length—Dbelow this length, integration is hindered
and mechanical performance suffers. While the entanglement
length can vary, it is almost always long enough that the polymer
brush volume greatly inhibits nanocomposite filler density
within a composite, thereby limiting the tunability of material
properties.

To circumvent this limitation, we have developed polymer
grafted nanoparticles (PGNPs) that possess short brushes that
can be cross-linked postprocessing (Figure 2B).”~”'” The use of
cross-links instead of chain entanglement to impart mechanical
strength enables filler loadings as high as 57 vol % without
sacrificing mechanical properties.” These PGNPs can use
different types of cross-linking moieties (for example, anhy-
drides and amides), and can be processed into conformal films
and arbitrarily shaped 3D objects through hot pressing,
compression molding, extrusion, or vacuum forming.7’8’19
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Nevertheless, while these cross-linked PGNPs possess homoge-
neously distributed fillers, they lack long-range organization.

To bridge the gap between these opposing types of
macromolecule-grafted particles (PAEs that are precise but
not versatile or scalable, and PGNPs that are the opposite), we
hypothesized that modifying PGNP brushes with programmable
supramolecular groups could guide the formation of ordered
architectures without sacrificing compositional variety or
scalability of the resulting composites. To this end, we reported
a new type of nanoscale building block, termed the nano-
composite tecton (NCT), capable of using rationally selected
molecular interactions to form hierarchically ordered structures
(Figure 2D).4’5’20_23

NCTs’ key advancement is that the polymer backbone and
nanoparticle core composition can be modified independently
from the motifs that drive particle self-assembly, which allows for
greater modification of composition and assembly conditions.”
In the first iteration of the NCT concept, programmable
molecular recognition was enabled by diaminopyridine (DAP)
and thymine (THY) complexes that form complementary
hydrogen bonding pairs. The types of supramolecular
interactions that could be used to direct NCT assembly were
later expanded to include other types of hydrogen bonding
motifs, metal ion coordination, and reversible covalent
bonding.”” Separately, other groups have expanded on this
concept to induce assembly through interactions such as
stereochemistry-driven polymer complexation.”*

The reversible association (solidification) and disassociation
(melting) of colloidally suspended NCTs can be monitored
through changes in their optical characteristics. For NCTs
assembled using hydrogen bonds, thermal energy is the simplest
method of breaking these supramolecular interactions, and a
“melting temperature” can be determined for any given NCT
assembly. This characteristic melting temperature can be
increased by increasing particle diameter and decreased by
increasing the length of the grafted polymer brush.”*' These

https://doi.org/10.1021/accountsmr.2c00153
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trends in thermal properties can broadly be explained by
variations in the local density of hydrogen bonding groups
around the NCTs. However, more complex effects are observed
when considering hierarchical design parameters and the
influence of larger scale features on supramolecular behaviors;
these effects are further detailed in the subsequent section.

NCTs can also be modified to achieve sophisticated assembly
behaviors triggered by external environmental stimuli (Figure
2D).”” NCTs functionalized with terpyridine (Tpy) ligands, for
instance, assemble in the presence of metal ions based on
coordination between the ions and the lone pairs on the nitrogen
atoms of the Tpy units. As a result, these NCT's can be triggered
to disassemble with the addition of acids via the protonation of
Tpy nitrogen atoms. By pairing this pH-driven response with an
external molecule that changes its protonation state in response
to light, optical stimuli can also be used to modify solution pH
and thereby control complexation. NCTs containing both
hydrogen bonding and metal ion coordination groups exhibited
pathway dependent structures contingent on the order in which
heat and metal ions were applied. In addition, NCTs that
expressed both supramolecular complexes and moieties capable
of dynamic covalent chemistry could use the weak supra-
molecular interactions to assemble the particles, then lock these
structures in place via rapid covalent bond formation accelerated
by the high local concentration of the corresponding moieties
around the assembled particles.

Collectively, this suite of nanocomposite building blocks
(PAEs, PGNPs, and NCTs) highlights the value of using
controlled molecular interactions to guide hierarchical organ-
ization within a composite. While brush-coated particles
conventionally use chain entanglement to manipulate inter-
actions between particles and surrounding matrix, both
permanent covalent bonds and reversible supramolecular
connections provide additional handles to tune composite
structure and composition. Future efforts to expand the scope of
different particle, polymer, and supramolecular chemistries are
projected to have significant benefit in modulating structure

property relationships.

B NANOSCALE STRUCTURES FROM SELF-ASSEMBLY

The interplay between polymer ligands, recognition complexes,
nanoparticle coupling, particle environment, and processing
conditions determines the types of nanoscale structures that can
arise from the assembly of NCT, PGNP, or PAE building blocks.
By independently tuning composition and assembly conditions,
principles that govern assembly and resulting structure have
been elucidated, resulting in a library of reported crystal
structures.”'!

When colloidal assembly is primarily driven by enthalpic
attraction, the building blocks tend to adopt structures that
maximize the number of connections between complementary
particles. The use of weak, reversible interactions permits
thermal annealing to induce particle reorganization into these
thermodynamically preferred arrangements (Figure 3). For
example, PAEs possessing self-complementary DNA ends
(generating a unary system where all particles can bond to all
other particles in solution) will adopt close packed face centered
cubic (FCC) lattice structures at thermodynamic equilibrium, as
FCC lattices represent the densest packing of spheres and thus
maximize the number of DNA duplexes that can form."* In
contrast, binary sets of equally sized PAEs possessing
complementary DNA binding groups typically form body
centered cubic (BCC) lattices to maximize the number of
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Figure 3. (A) Thermodynamic control of building block self-assembly
directs nanoscale structural organization. Slowly cooling nanoparticles
with dynamic binding interactions below their melting temperature
produces ordered nanoscale structures. (B) Example lattice types
include BCC, CsCl, FCC, and Th;P, depending on nanoparticle

composition and assembly conditions. Scale bars 200 nm.

complementary nearest neighbors (and thus maximize DNA
connections). NCTs assembled from nanoparticles separately
grafted with DAP and THY recognition units form BCC lattices
for analogous reasons.”'’ Symmetrically altering the nano-
particle size or polymer length in these systems generally
changes the relative spacing of the formed lattice without
altering lattice structure. However, more diverse lattice
structures can be attained by introducing asymmetric changes
to binary particle systems. For example, pairing different core
compositions with complementary binding groups leads to the
formation of CsCl lattices for both PAE and NCT systems.””
PAE:s can further produce AlB,, Cr;Si, and CssCq lattices from
binary sets of particles with large disparities in hydrodynamic
radius, metastable HCP lattices by kinetic trapping, and NaCl,
simple cubic, and even three-component lattices (for example,
perovskites, ABCy-type lattices) usin§ 1particles that express
multiple orthogonal DNA sequences. ' "**

A crucial factor for engineering nanoscale organization within
a composite is understanding the role of dispersity. Homoge-
neous building blocks are often required to achieve high quality
colloidal crystals, which limits usable materials to those with
reported low dispersity syntheses.”® However, “softening”
nanoparticles by adding polymeric shells allows for variations
in inorganic particle diameter to be tolerated. Early work showed
that PAEs would form ordered crystals with up to ~10%

https://doi.org/10.1021/accountsmr.2c00153
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Figure 4. Emergent mesoscale crystallites. (A) Rhombic dodecahedron-shaped Wulff polyhedra of NCTs with BCC unit cell symmetry. (B) Flat
topped diamond and square pyramid Winterbottom structures made from binary PAE systems with one or both particle types complementary to the
substrate, respectively. (C) Size tunability of NCT crystallites is enabled via cooling rate control. Images reproduced with permission from ref S.

Copyright 2021 Springer Nature.
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variation in spherical nanoparticle core size. Counter-

intuitively, despite having multiple sources of dispersity (both
particle size and polymer length), NCTs extend this effect even
further, and represent one of the most tolerant methods to
obtain ordered nanoparticle superlattices developed to date. We
found that NCTs will tolerate polymer D values as high as 1.44
or core diameters with 23% relative standard deviation while still
forming highly ordered structures.”> The high degree of
accepted variation in building block uniformity is hypothesized
to arise from the ability of polymer chains to compress or stretch
in order to maintain the maximum number of interparticle
connections that is achieved from an ordered lattice. This
tolerance of dispersity greatly broadens the range of applicable
materials and synthetic methods, making NCTs an excellent
choice for scalable materials development.

The assemblies described above use the organization of
multiple supramolecular interactions around a nanoscale
scaffold to induce the formation of nano- to mesoscale ordering.
Interestingly, we have discovered that such organization can also
enforce hierarchical effects in the opposite direction—in other
words, the nanoscale scaffolds can be used as a design handle to
modulate molecular thermodynamics. This is a key aspect of
“systems” approaches to material design, as the integration of
composite structural motifs across different size regimes should
inherently allow for hierarchy to be induced both up and down
length scales. We have observed this unique phenomenon of
larger scale motifs manipulating smaller scale organization
through NCT-NCT bonds forming “bundles” of supramolecular
recognition complexes, where both the size and number of
supramolecular bundles in each NCT-NCT interaction are
dictated by the size and shape of the nanoscale scaffold.”" This
odd and complex behavior can be explained by examining the
balance of thermodynamic factors associated with NCT-NCT
bond formation—namely, the enthalpy benefit of forming a
supramolecular complex between two brush chain ends, and the
entropy penalty of “tethering” those polymer chains together
upon complex formation (which limits their configurational
freedom). For any supramolecular group in an NCT-NCT bond
to participate in a given “bundle” within that bond, the enthalpic
gain of forming the complex must outweigh the entropic penalty.
By understanding this paradigm, it is possible to use nanoscale
morphological control to manipulate supramolecular behavior,
as the size and shape of the nanoparticle scaffold dictates the

1252

extent of entropy loss upon tethering two polymer chains from
adjacent particles. Indeed, in prior systems, face-to-face and
edge-to-edge configuration of brush-coated NPs has been shown
to influence both the enthalpy and entropy of these
interactions.”**” However, most prior efforts used macro-
molecule brushes where either the entropic or the enthalpic
effects dominated particle behaviors, potentially explaining why
NCTs were the first building block with which this “bundling”
phenomenon could be readily observed and quantified. More
efforts to examine this effect are required in both NCT and other
systems. Importantly, the influence of nanostructuring on
supramolecular thermodynamics can also be used to induce
counterintuitive effects on particle assembly that can only be
understood via examining an entire NCT system at one. As an
example, in NCTs grafted with polystyrene brushes terminating
in hydrogen bonding groups, the addition of polar solvent will
simultaneously weaken individual supramolecular bonds, but
also enhance the collective enthalpy of an NCT-NCT bond.
Coarse-grained models indicate this increased interaction
strength is the result of the polar solvent altering the
configuration of polymer chains within the brush in a manner
that permits bundles with higher levels of multivalency. Thus,
although each supramolecular bond is individually weakened,
more of these bonds can participate in any given bundle.
Modulating the thermodynamics of NCT assembly in this
manner allows a single set of NCTs to either form CsCl or
Th;P,-type superlattices, as these different packing arrange-
ments require different amounts of polymer confinement to
generate an equivalent number of supramolecular bonds. This
result is significant because it suggests that hierarchical ordering
of these systems cannot be predetermined by summing
interactions of individual molecules, but rather that a systems-
level design process where the morphology at each length scale is
considered both a cause and effect of behavior at each level is
needed.

B MESOSCALE ORGANIZATION OF COMPOSITES

An inherent challenge in using self-assembly to modulate a
material’s structure across multiple length scales is that ligand
interactions typically only affect the local coordination environ-
ment around particles. However, when given enough time and
energy to reorganize, micron-scale crystalline superlattices will
tend to adopt specific polyhedral shapes that possess well-

https://doi.org/10.1021/accountsmr.2c00153
Acc. Mater. Res. 2022, 3, 1248—1259



Accounts of Materials Research

pubs.acs.org/amrcda

defined faceted surfaces. The shapes of these polyhedra (that is,
their crystal habits) are a reflection of the unit cell crystallo-
graphic symmetry, as the most favored structures are often
bound by crystal planes that minimize unfavorable surface
energies, dubbed Wulff constructions.””’

For example, both NCT and PAE superlattices with BCC unit
cell symmetry adopt rhombic dodecahedron shaped crystals
(Figure 4A). This shape represents the lowest energy super-
lattice habit because it is the smallest surface-area-to-volume
ratio shape that is bounded entirely by {110} planes, which
minimizes the number of “dangling bonds” present at the surface
of the crystallite. Other superlattice crystallites with different
unit cell geometries grown at thermodynamic equilibrium also
follow the general pattern of minimizing surface energy.z’o_32
Kinetically controlled growth of faceted crystallites remains
more challenging, but could potentially be a future route to
achieving more complex crystal shapes.

While the requirement of assembly at thermodynamic
equilibrium to achieve faceted crystal shapes limits the design
handles for tailoring mesostructure, assembling particles while
imposing micro- to macroscale boundary conditions can also
anisotropically alter crystal growth. The simplest means of
restricting superlattice growth to modigf crystal habit is to
assemble particles at an interface.”””***° When single crystals
are grown heterogeneously, they can adopt faceted shapes called
Winterbottom structures. The key difference between Wulff and
Winterbottom shapes is that the Winterbottom constructions
also consider interactions between the growing crystal and the
underlying substrate. For instance, when substrates are
functionalized with DNA sequences complementary to just
one particle in a binary PAE system that adopts BCC unit cells,
square pyramid crystal shapes are observed ((100) orientation
perpendicular to the surface). In contrast, if the substrate-grafted
DNA strands are complementary to both PAEs, flat-topped
diamond shaped crystals are formed ({110) orientation
perpendicular to the surface) (Figure 4B).° The degree of
protrusion from the substrate for these Wulff constructions can
be modified by changing the relative density of ligands on
substrates and particles; increasing PAE-to-surface interactions
relative to PAE—PAE interactions results in less protrusion as
the crystallites “wet” the surface to enable greater substrate
contact area per crystallite volume.

It has also been observed that heterogeneous growth of
crystals allows for single crystal superlattices to be formed for
other symmetries that have difficulty forming Wulff con-
structions, such as FCC or AlB, type lattices.® In each of these
cases, a specific crystallite facet maximizes PAE—substrate
interactions; the favorability of having this plane at the interface
“pins” crystal growth to a limited subset of orientations, making
the growth of single-crystal architectures more readily
achievable. Future efforts in this area include the use of
patterned surfaces to “frustrate” crystal growth and induce
anisotropic crystal habits. We have already shown that patterned
surfaces can control crystallite size and shape,®* and even shown
that alteration to the micron-scale designs can influence PAE
lattice structure.”” though more investigation is needed to
explore how such patterns manipulate the thermodynamic
Winterbottom shapes of different lattices. The ability to regulate
crystallite size is another important tool for mesoscale structure
control and is typically accomplished by tuning nucleation and
growth processes. Even though unit cell symmetries and
crystallite habits of nanoparticle superlattices are structurally
identical to atomic crystals, the growth mechanisms are clearly
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different and require more investigation.” Our initial efforts
mapping the parameters affecting NCT crystal growth show that
NCT crystallite size is directly proportional to concentration
and inversely related to cooling rates (Figure 4C). The positive
dependence of crystallite size with NCT concentration is
counterintuitive as classical nucleation theory indicates that
higher initial concentrations should form more nuclei and hence
smaller crystallites. We hypothesize that this deviation stems
from the lower characteristic concentrations and diffusion
constants of nanoparticles compared to atoms during crystal
nucleation, as well as the multivalent nature of NCT binding
interactions. In simple terms, NCTs continuously melt or
solidify across a range of temperatures, unlike atomic systems
that possess discrete melting points. Between the upper and
lower bounds of this range, the equilibrium state is neither solely
a crystal nor a dispersion of particles, but a mixture of each.
Thus, when nanoparticle superlattice crystallites nucleate, the
concentration and diffusion rates of the particles (both of which
are significantly lower than atomic systems) dictate a specific
volume across which nanoparticles can diffuse to form a nucleus.
At a given temperature, particles within this fixed volume will
eventually reach a state of dynamic equilibrium with only a
fraction of particles as part of the crystal. Thus, increasing
particle concentration shifts the equilibrium toward larger
crystallites (as there are more particles in a given volume), and
slower cooling allows for a larger fixed volume at a given
temperature (since the particles have more time to diffuse before
equilibrium is shifted). Given the potential of such methods to
modulate mesoscale organization in these composites, further
investigation of fundamental crystallization mechanisms is
essential.

B MACROSTRUCTURE, SCALABILITY, AND
FABRICATION

In traditional bulk materials, microstructure and macroscopic
form are generally manipulated during processing to shape the
desired object from a material feedstock. For polymer
nanocomposites synthesized via self-assembly, particular care
must be paid to maintaining the nanoscale order during
processing, as the weak, reversible bonds required for forming
well-ordered particle arrangements are often incompatible with
techniques commonly used to process materials.”” Additionally,
considerations of cost, yield, and production volume become
relevant to achieving scalability, as the quantity of material that
can be produced ultimately dictates the feasible length scales of
objects to be made. Nevertheless, the development of composite
systems that can be hierarchically organized across macroscopic
scales is vital for advancing the field, as unique structural features
(and thus opportunities to tune structure—property relation-
ships or use macroscopic processing techniques to influence
nanoscale assembly) arise at larger length scales.”*® For
instance, in polycrystalline systems, manipulation of features
such as grain boundaries and vacancies open new avenues for
property control via “defect” engineering. Furthermore, the
integration of nanoparticle superlattice composites into other
bulk materials requires manipulation of the interfacial energies
between the superlattice and surrounding matrix.”” Inves-
tigation of methods to compatibilize particle assemblies with
other composite feedstocks is therefore warranted.

The formation of films comprising ordered nanoparticles,
typically by evaporation driven assembly, has been widely
studied and demonstrated for a large variety of materials.*’ Such
films have significant potential for applications requiring 2D

https://doi.org/10.1021/accountsmr.2c00153
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Figure S. Processing and fabrication of hierarchically structured composites with nanoscale ordering. (A) A collection of micro sized polyhedra
composed of crystalline nanoparticle NCT superlattices can be centrifuged into a sintered polycrystalline material, which can then be pressed into a
macroscopic shape. (B) Thick film crack-free inverted metal nanolattice made via wet-electrostatic deposition of nickel into a superlattice of charged
silica particles. (C) Thermoformable and moldable single component PGNP composites before (top) and after (middle) thermally induced anhydride
cross-linking. (D) Direct-write printing of colloidal crystals where assembly occurs simultaneously with deposition. Images reproduced with
permission from refs S, 53, 8, and 41, respectively. Copyrights 2021 Springer Nature, 2021 Springer Nature, 2022 Wiley, and 2020 Wiley, respectively.

form factors (for example, displays, coatings), and have been
discussed at length elsewhere.”” However, a major challenge
facing the field is the establishment of processing techniques to
produce more complex, arbitrary 3D geometries.”" Our lab has
produced one of the first such examples by “sintering” NCT
crystallites into free-standing solids. Under mild temperature
and pressure (~22 °C and centrifugation at ~20k RCF),
individual crystallites with well-controlled habits and sizes can
be compressed into a monolithic solid.” These compressed
solids can even be further molded to generate macroscopic 3D
objects of arbitrary shape (Figure SA), permitting hierarchical
structure control across ~107 length scales.’

The processing of superlattices into larger solids permits the
investigation of microstructural features that arise during solid
densification, such as grain boundaries and crystallographic
defects like vacancies, dislocations, and twinning.42 In bulk
materials, these defects typically exhibit an outsized influence on
a materials’ behavior, but it remains unclear what effects defects
have in composites of ordered nanoparticle arrays. Efforts to
control microstructure in nanoparticle superlattices are still
nascent, but the polycrystalline NCT solids have shown the
ability to control grain sizes as a function of the initial single
crystals being compressed.” This work also showed that the
processed superlattices can undergo paracrystalline distortion
under applied mechanical force, suggesting their mechanical
properties likely differ from both other composites with the
same composition (but different structural organization), and
atomic solids with analogous crystalline organization (but at a
notably different length scale). These observations also imply
that macroscopic forces can indeed be used to alter nano- or
microstructure in a programmable manner. Future efforts
focusing on controlling and characterizing the property changes
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resulting from superlattice microstructure is therefore an
exciting but underdeveloped area of nanocomposite design. As
the parameter space for such manipulations is quite large,
computational methods will certainly be needed to guide and
focus research pathways. It would also be prudent to cross-apply
lessons learned in parallel fields, such as powder-based 3D
printing, where control of 3D defects such as cracking and voids
is critical.”

B FUTURE DIRECTIONS AND POTENTIAL
APPLICATIONS FOR HIERARCHICAL
NANOCOMPOSITE ASSEMBLIES

As nanoscale design and assembly becomes more advanced,
research into hierarchical nanocomposites is shifting to later
stages of the materials development life cycle where synthesis is
targeted toward application-specific structures and properties. In
some instances, self-assembled composite materials possess
emergent properties unique to their particular architecture (for
example, photonic band gaps, plasmonic/excitonic coupling).’
Other examples simply perform better than disordered counter-
parts due to better control over relevant nano- or microscale
features that govern material Gproperties or greater homogeneity
of hierarchical structure.**~*® Here, we briefly discuss how new
materials design and processing strategies could impact a few key
areas (Figure 6) and offer insight into potential opportunities for
future composite systems that use nanoparticle assembly.

One of the most well-studied applications of hierarchical
nanocomposites involves tuning electromagnetic interactions of
nanoparticle superlattices via controlling lattice spacing and
symmetry."” Indeed, much of the early work in applications of
such composites is in generating optical phenomena like
photonic band gaps, plasmonic coupling, and light emission.*®

https://doi.org/10.1021/accountsmr.2c00153
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Figure 6. Application areas of hierarchically structured nano-
composites. In each proposed application, the properties and
performance of the material rely on being able to control structural
features of the entire system across multiple length scales.

Such properties have been extensively documented and
discussed in the literature, and we refer the reader to prior
works to learn more about such behaviors in detail.*’

While optical properties governed by interparticle coupling
have been thoroughly examined in these nanocomposites, an
under investigated means of manipulating composite optical
response is understanding how electromagnetic interactions can
influence and be controlled with larger-scale motifs beyond just
the symmetry or density of particles within a superlattice. For
example, our work with PAEs showed that plasmon thermal-
ization can be used to locally deliver heat to a material, thereby
driving crystallization only at a specific point within a
composite.”’ Unlike assembly methods that deliver thermal
energy via bulk heating or chemical changes via solvent
evaporation, the ability to spatially deliver energy to induce
nanoparticle crystallization promises more sophisticated
patterning of composite architectures. Such processes also
permit macroscopic design parameters to influence nanoscale
assembly, where the directionality and spot size of the delivered
energy can alter the local shapes of the nanoparticle crystals.
Moreover, such methods could allow for nanocomposite
superlattice processing methods analogous to techniques like
zone-refining that are critical for making wafer-scale single
crystals in bulk materials, but are impossible to achieve in bulk-
annealed nanocomposite superlattices.

Nanoparticle assemblies with specific microstructural features
also permit new optical applications, such as the use of PAE
assemblies to fabricate devices that use crystal habit to control
wave-guiding.”® Further, PAE Winterbottom constructions
could be used as deliberately shaped components of microscale
devices where the faceted shape of a crystal habit enables angle-
dependent absorption, reflection, or scattering; the ability to
anisotropically manipulate light in such a manner would be
useful for planar optical devices in sensing and computing
technologies. The importance of such efforts cannot be
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understated, since the ability to use nanoparticle crystallization
to control larger length scale features like crystal habit
potentially provides new routes to nano- and microscale
material fabrication, even without any exotic emergent proper-
ties that are directly correlated to superlattice symmetry.

Because cross-linked PGNP composites with well-dispersed
particles remain transparent (even up to ~60 vol % particle
loading), they also present opportunities for optical applications,
such as highly processable composites with tailored refractive
indices well beyond those of typical polymers. Such PGNP
composites could be valuable as protective coatings or adhesive
layers for lenses or optical devices. More sophisticated
processing methods could be used to make layered composites
for antireflection coatings or complex metalens structures by
varying the density of high refractive index nanoparticle contact
at different depths.

The compositional and structural flexibility of nanoparticle
superlattices could also benefit the field of heterogeneous
catalysis, where unique catalytic activities are enabled at the
interface between two distinct materials. These enhanced
catalytic effects are partially due to the optimized hetero contact
area enabled by ordered particle arrays, but also because well-
defined percolation gathways can be controlled by altering
lattice parameters.”">> Binary superlattices also maintain spatial
separation between particles that would otherwise sinter at
typical reaction temperatures, thereby preventing the loss of
surface area, restriction of molecular transport, and lowering of
catalytic activity which all occur in disordered binary solids.”” To
make use of macroscopic nanoparticle superlattices for
heterogeneous catalysis, however, it will be important to
understand the role of grain boundaries and 3D defects such
as cracks and voids on molecular transport.

Composites built from nanoparticle assembly have utility for
the fabrication of strong and lightweight porous materials. While
metal foams, aerogels, and other disordered porous materials
can exhibit excellent strength to weight characteristics, ordered
networks of hierarchical structure can more efficiently distribute
material to better maintain properties such as stiffness, strength,
and energy dissipation capacity compared to random cellular
architectures.”® Nanoparticle superlattices can be exploited as
templates, allowing for the deposition of a secondary material
into the negative space of the lattice followed by the selective
removal of the original nanoparticle lattice material.”® Further
innovation in producing strong, lightweight structures from
nanoparticle superlattices will require both large quantities of
defect free lattices in macroscopic 3D geometries and novel ways
of scalably infiltrating lattice materials. Moreover, significant
effort must be placed in investigating how hierarchical ordering
affects mechanical behavior, and how macroscopic deformation
translates to alteration of nanoscale organization in these self-
assembled materials.” We have recently demonstrated that PAE
superlattices can exhibit mechanical metamaterial behavior as a
function of DNA design, indicating promise for using supra-
molecular interactions to intentionally alter composite perform-
ance.’® Specifically, different PAE lattices can be designed such
that their Young’s moduli are identical, but the different lattices
deform through either plastic or viscoelastic mechanisms; the
former would allow for tailored dissipation of mechanical force,
the latter would enable self-healing. In a separate effort, bulk
polycrystalline NCT lattices subjected to mechanical compres-
sion dissipated energy either via mechanisms expected based on
traditional metal or ceramic lattices (for example, dislocations),
or unexpected behavior predicted to arise from the composite

https://doi.org/10.1021/accountsmr.2c00153
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nature of the building blocks (for example, paracrystalline
distortion due to motion of the soft polymer brushes).” Clearly,
further examination of how different compositions, nanoscale
ordering, and mesoscale structures affect composite perform-
ance and how they are affected by the application of macroscopic
force are required.

Nanoparticle superlattices are also potentially useful plat-
forms for tailoring mass and energy transport for a diverse array
of applications including heat dissipation, energy storage, and
nanofiltration.”*~*° While disordered materials with micro or
nanopores have achieved high performance in these areas, they
do not permit systematic investigation of structure—property
relationships. Further, defect free organized structures can
provide more consistent performance, enabling thinner device
architectures.* Additionally, the ability to rationally alter both
nanoscale structuring and nanoparticle surface chemistry
provides a broad range of tunability in these hierarchical
composites. Energy transport via electron or ion motion (for
example, in battery anode, cathode, and membrane materials) is
also an attractive possibility, as the highly ordered particle arrays
could enable the fabrication of composites with large quantities
of active inorganic filler without creating tortuous pathways for
transport or particle aggregates that limit surface area to volume
ratios. With their compositional diversity and ability to be
molded and pressed into arbitrary shapes, NCTs and PGNPs are
well suited for applications seeking tailored control of molecular
transport.

Superlattices of magnetic particles can demonstrate unique
properties arising from the pairing of disparate magnetic
materials. Although progress in this field has been limited, the
fabrication of exchange-spring magnets has been demonstrated
by the coassembly of FePt and Fe;O, particles.””*" Exchange-
spring magnets are the product of coupling between hard (high
coercivity) and soft (low coercivity) materials which interact to
produce a larger energy product than their individual
constituent materials and are a potential route to ultrastrong
permanent magnets. For magnetic nanoparticle assemblies to
supplant rare-earth based magnets, additional complementary
coupling material combinations and methods to produce large
3D arrays of coupled particles need to be identified. In addition,
the role of polycrystallinity and defects on magnetic coupling in
particle superlattices begs further study to determine at what
length scales such devices can be relevant. Thus, the hierarchical
composite assemblies generated with PAEs and NCTs provide
an attractive route for advancing this field.

One application of polymer nanocomposites where hier-
archical 3D control is particularly relevant is that of phonon-
engineering. Phonons are quasiparticles representing collective
mechanical vibration of atoms running the spectrum from sound
(centimeter to meter wavelengths) to heat (nanometer
wavelengths); therefore phonon control involves full spectrum
size control of features.”” More complicated architectures could
allow for directional manipulation of phonon propagation,
resulting in thermal shielding, concentrating, and rectifying
behaviors.”” In the related application of thermoelectric
materials, efficiency is proportional to electrical conductivity
and inversely proportional to thermal conductivity. While
electronic and phononic properties are intrinsically linked at
the atomic scale, nanoparticle superlattice parameters such as
size, shape, spacing, and composition can effectively decouple
electronic and thermal conduction.’’ Utilizing NCTs for their
compositional flexibility and capacity to sinter into polycrystal-
line solids could be an attractive path toward phonon-
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engineered materials as the composition, nanoparticle size,
and grain size could be designed to block short, mid, and large
wavelength phonon propagation respectively, leading to ultra-
low thermal conductivity.

While there is clearly potential for a “systems” approach to
materials design, much needs to be done in multiple areas to
fully enable this materials synthesis strategy. In each of these
highlighted applications, unmet technical challenges prevent
further discovery or exploration. With these application areas in
mind, we suggest the following as high potential targets for
future efforts using hierarchical nanocomposite assemblies:

e Assembly strategies that are compositionally agnostic to
enable more versatile approaches

e Methods to form large volume, defect free assemblies
High-yield production of mesoscale structures with low
dispersity and tailored crystal habits

e Targeted defect engineering, and meso and micro-
structural tunability

e Scalable processing methods that retain nanoscale
ordering while molding or shaping the macroscopic 3D
form of the material

e Postprocessing methods to transform the assemblies (for
example pyrolysis, infiltration with secondary material,
selective removal of target materials, or others)

Each of these research areas is critical for both understanding
and exploiting hierarchical nanocomposite or nanoparticle-
based systems, and we encourage the materials community to
incorporate such ideas into future research efforts.

Bl CONCLUSIONS AND OUTLOOK

On the basis of the research described above, we envision the
field of nanocomposite design as operating in a transitory stage.
While many building blocks, design principles, and processing
strategies have been elucidated, the application of these
materials is still largely nascent. This account has detailed an
exploration of a “systems materials science” approach toward
nanocomposite design, which we believe will be a key guiding
philosophy for future maturation of nanocomposite technolo-
gies. This systems-level approach to considering and intention-
ally programming hierarchical complexity in composites
emphasizes the dynamic interplay between structure and
composition across the full spectrum of length scales responsible
for dictating material properties and performance, and will be
crucial for developing new methods of processing and
fabricating nanocomposite materials at scale. Nanoparticle-
based composites are ideal for this approach, as they provide
building blocks with rational molecular and nanoscale design
handles that can be easily tuned. Interactions between the fields
of chemical synthesis, supramolecular chemistry and assembly,
and materials processing must continue in order to enable a
“systems materials science” approach to hierarchically control-
ling material structure, properties and performance. Many
application areas with specific property requirements suitable for
designed nanocomposites have been identified, and we
encourage the community to build on both the concepts
explicitly discussed above and the exciting work in the fields of
nanoparticle assembly and composite synthesis. As such,
advancements in defining structure—property relationships,
multiscale and multiproperty modeling, and macroscale
fabrication methods for architected nanocomposites hold
significant potential to engineering disruptive materials
innovation.

https://doi.org/10.1021/accountsmr.2c00153
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