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Decades of research efforts into atomic crystallization phenomenon have led to comprehensive
understanding of the pathways through which atoms form different crystal structures. With the
onset of nanotechnology, methods that use colloidal nanoparticles (NPs) as nanoscale “artificial
atoms” to generate hierarchically ordered materials are being developed as an alternative
strategy for materials synthesis. However, the assembly mechanisms of NP-based crystals are
not always as well-understood as their atomic counterparts. The creation of a tunable nanoscale
synthon whose assembly can be explained using the context of extensively examined atomic
crystallization would therefore provide significant advancement in nanomaterials synthesis.
DNA-grafted NPs have emerged as a strong candidate for such a “programmable atom
equivalent” (PAE), because the predictable nature of DNA base-pairing allows for complex yet
easily controlled assembly. This review highlights the characteristics of these PAEs that enable
controlled assembly behaviors analogous to atomic phenomena, which allows for rational

material design well beyond what can be achieved with other crystallization techniques.

1. Introduction

The field of materials synthesis has historically been dominated by the development of
new methods to control material structure that use atoms as building blocks and crystallization
as a driving force for the formation of higher levels of ordering.l?! The diversity of the resulting

materials is derived from a periodic table that is filled with a multitude of different atoms with
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different chemical identities, sizes, and bonding behaviors.[>-°! The kinetic and thermodynamic
organization of atoms into these complex materials is well-studied, and therefore known to
follow rational and (in simple cases) predictable pathways towards crystalline architectures.[®-
91 As materials science and chemistry have expanded in recent decades to include the
development of nanotechnology as a driving principle for materials discovery, new building
blocks based on nanoparticles (NPs) have emerged as a means to further control the complexity
of material structures across a wide range of size regimes.** 3l However, the assembly of these
nanomaterial synthons can be governed by many different chemical and physical forces,*42%
and this increased level of complexity in NP assemblies is not nearly as well-understood or
examined as the atomic crystals that came before them. Therefore, atomic crystallization
behavior would be an ideal template upon which to model a framework to understand and
program NP-based superlattices and bulk materials. The development of a set of nanoscale
“atoms” that can be rationally directed into ordered assemblies with well-defined, hierarchical
structures on length scales orders of magnitude larger than the individual building blocks would
constitute a major step forward in the field of materials science. While multiple means of
controlling NP assembly have been developed, correlating NP assembly behaviors to known
atomic crystallization phenomena would require nanoscale “atoms” with several key design
features that would allow for rational control over their formation into larger structures. NP
building blocks that have well-defined compositions, sizes, shapes, and predictable binding
interactions that dictate their local coordination environment would allow for complete control
over material structure at the nanometer and larger scales. Moreover, if the assembly process
truly mimicked atomic crystallization, it would allow for rational exploration of crystallization
behaviors that are often difficult to study, like defect structures, surface faceting, or kinetic
mechanisms of crystal growth.

While multiple types of ligands have been grafted to NP surfaces to control their

assembly,1618-21 this review will posit that the most programmable means of dictating NP
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superlattice formation is the development of DNA-grafted NPs as “programmable atom
equivalents” (PAEs). Specifically, we will outline the history of PAE crystallization, focusing
on how the use of nucleobase pairing between surface-grafted oligonucleotides has developed
from a simple means of aggregating NPs to a now completely controllable process for
synthesizing complex hierarchical structures. These PAE building blocks follow crystallization
phenomena that are remarkably similar to those exhibited by atoms, but the predicable and
synthetically manipulatable DNA base-pairing interactions allow their assembly to be
controlled in a means that is entirely impossible for atomic systems (Figure 1). As a result, the
moniker of “programmable atom equivalent” is incredibly apt for this nanomaterial building
block; we will demonstrate both how they have developed into a powerful materials synthon
and highlight key areas of investigation that promise exciting discoveries in the fields of both
chemistry and materials science.
1.1. “Atom-Like” Behavior in Colloidal Crystals

The concept of utilizing NPs to mimic atoms is not unprecedented, as the term “artificial
atom” has been used to describe colloidal assembly systems for many years.??l Early
discoveries found that colloidal particles would undergo “solid-liquid-gas” phase transitions
based on changes in NP concentration and relative interaction strengths between NPs, where
the different phases were defined by the relative mobility and ordering parameters of the
colloids.[22°1 More recently, “artificial atoms” with directional binding akin to molecular
valency have been explored via the creation of “patchy particles” that express multiple types of
ligands at different points across their surfaces or possess particle cores with specific polyhedral
or anisotropic shapes.[?*=% However, all of these classic examples of “atom-like” behavior in
colloids are limited to analogies in narrow circumstances. In particular, they do not always
crystallize into materials with long range order or often provide just a singular example of
crystallization that is not generally applicable to the formation of multiple different structures.

The predominant methods to assemble these particle-based periodic structures are via
3
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evaporation or sedimentation of ~100-1000 nm colloids.**3Y During this process, spherical
particles close pack together due to solvent exclusion and maximization of entropy, generally
yielding face-centered cubic (fcc) structures, as this structure represents the densest
arrangement of hard spheres.[*3%

Driven by the desire to harness the powerful driving force of crystallization in creating
different periodic structures beyond just fcc lattices, significant research has been devoted to
creating ordered superstructures (superlattices) of colloidal NPs with several different
coordination environments. The technique of slow-drying a solution of colloids onto a substrate
has proven particularly effective in producing several different crystal forms, at least in 2D NP
thin films. To achieve this, uniform NPs (dispersity typically less than 5%) must be synthesized
such that they will close-pack together into space filling arrangements.[¥ Using the slow-
drying method, both molecule- and macromolecule-grafted NPs have been shown to yield a
large breadth of different crystal structures from dried mixtures of one,[*" two, 6341 or even
three NP components.l®® Complex arrangements like quasi-crystalline superlattices have been
achieved with this method as well.*®l These crystalline symmetries have even been shown to
be achieved with multiple NP compositions,+*"] broadening the programmability of these NPs
as “artificial atoms.” Nevertheless, while NPs of various compositions, sizes, and shapes can
be used in various mixtures,® the final coordination environment cannot be directly
programmed into the building block using this methodology. In other words, the structures that
are achieved are inherently linked to the identities of the NPs being assembled and cannot be
purposefully manipulated to yield a different crystalline arrangement without changing the NP
size, shape, etc. The achieved crystalline phases have been retroactively explained to a
remarkable level of certainty, though typically based on arguments of space-filling and
maximization of ligand entropy.[® Other systems using charged colloidal NPs and ionic
attraction have been developed to harness explicit enthalpic attractive forces to govern

interparticle interactions,*>183% put these motifs require that only very short interparticle
4



WILEY-VCH

distances be used, meaning that the achievable arrangements are similarly restricted by the
identity of the underlying NP. While effective at mimicking specific atomic behaviors, these
“artificial atom” systems do not have the level of programmability required from a building
block that could truly take advantage of atomic crystallization behavior and harness it to control
structure.
1.2. Moving Beyond “Artificial Atoms”

For the purposes of this review, we would set the definition that the difference between
a nanoscale “artificial atom” and a truly “programmable atom equivalent” is that a
programmable building block must be modular, meaning that the moiety controlling the
interparticle interactions must be entirely separate from the underlying NP identity (size, shape,
composition). In other words, the synthesized building block must yield a direct output (i.e.
crystalline unit cell) from a specific and intentionally designed input (i.e. programmed
interparticle interaction). “Artificial atoms” (Section 1.1) have proven very successful in
correlating specific aspects of the building block design to resulting crystalline architectures,
enabling significant insight into colloidal crystallization behaviors and the synthesis of many
unique materials. However, none of these motifs allow for the independent manipulation of NP
coordination environments without adjusting variables such as NP size and shape. The above
examples do demonstrate that self-assembly of colloidal NPs can remove some aspects of the
NP’s identity, particularly composition, from their coordination characteristics, but a higher
degree of programmability is required to truly predict, control, and tune crystal formation.
Ultimately, a building block that could rationally control particle assembly in such a manner
would not be considered simply an “artificial atom” but a fully programmable atom equivalent.

The use of DNA as a directing force for NP assembly was originally conceived and
demonstrated over twenty years ago.?>4% As a ligand, DNA can be synthesized with molecular
purity and with unparalleled precision in monomer sequence. Mirkin et al. originally

demonstrated that a DNA-grafted NP could be used to rationally design nanomaterials and
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precisely program crystalline NP superlattices,?l as the DNA corona would dictate specified
binding interactions to determine which NPs would form bonds with one another.[*!! In the
subsequent decades, this modular, tunable building block design has indeed become a powerful
synthon in nanomaterials synthesis and has been used to assemble multiple different crystalline
architectures, earning it the title Programmable Atom Equivalent (PAE). To fully understand
the PAE’s potential as a materials building block, we will first discuss their design features that
allow PAEs to crystallize in a predictable manner that bears many analogies to atomic
crystallization.
2. The Characteristics of a “Programmable Atom Equivalent” (PAE)
2.1. Discrete Nanoscale Arrangement of Oriented DNA Provides Multivalency

In the broadest sense, a PAE is defined as a particle of any shape and composition
densely functionalized with a monolayer of synthetic oligonucleotides of designated base-pair
sequence (Figure 2A). The first examples of such particles demonstrated that the addition of
“linkers” could selectively program NP aggregation into clusters“)l or aggregates with no long
range order.’?l The original design used two non-complementary single-stranded DNA
(ssDNA) anchors on gold NPs (AuNPs) such that they would only undergo selective
aggregation upon the addition of “linker” strands designed to duplex to the strands anchored on
the NPs (Figure 2B).12%T AuNPs were used in these initial studies because gold-thiol chemistry
can be used to easily and readily attach a large number of oligonucleotides to each NP.
Additionally, AuNPs possess a surface plasmon resonance that is sensitive to its local
environment, meaning that aggregation is easily monitored by UV-Vis Spectroscopy.?l The
earliest work done on these materials was to maximize their colloidal stability by increasing the
DNA loading and strength of the DNA-Au attachment chemistry. Using fluorophore-labeled
linkers, the surface coverage of DNA on the AuNP surface could be quantified,344 and
modifications to the oligonucleotide sequence or the chemical structure of the oligos (e.g.

incorporation of polyethylene oxide spacer groups*’l) were investigated as a means of
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controlling the grafting density at the particle surface.[*é! Importantly, DNA loading was found
to be dependent on steric hindrance between grafting strands,*”1 and a key innovation to
increase loading density was therefore to slowly shield the negatively charged DNA backbone
with the addition of sodium chloride during the functionalization process (salt aging).[**! This
ultimately enabled a maximum grafting density of 56 pmol/cm?, which has been demonstrated
to be critical in the use of PAEs for materials synthesis by enhancing the degree of multivalency
between bonded PAEs.

Although an early goal for PAEs was to be able to use them to programmably build
highly ordered nanostructures, the complexity of this new building block made this goal
challenging, requiring a significant amount of investigation into the properties and behavior of
PAEs as a function of their particle and oligonucleotide designs. As a result, early studies
involving PAEs exploited their ability to selectively bind to DNA for sensingt®54 and
biomedical applications.®>%4 It was discovered early on that the arrangement of multiple
oligonucleotides in a brush architecture around a nanoscale scaffold imparted higher binding
constants, ! greater discrimination against nucleotide mismatch,%8571 and even enhanced cell
uptakel®® and biocompatibility.*¢ Due to these new properties that arise as a function of
nanoscale geometry and multivalent binding behavior, the DNA-grafted particles were coined
“Spherical Nucleic Acids”® to highlight the unique and important effects imparted by
arranging a dense monolayer of oligonucleotides around a nanoscale core.

A key feature of all PAEs is that the DNA duplex structures can be disrupted at elevated
temperatures, and the particles can therefore be reversibly assembled and disassembled by
thermal cycling.?? Initially, it was observed that overall PAE aggregate sizes grew over time
even under static temperatures; this was attributed to an “Ostwald ripening-like” process.[®?
Similarly, an investigation of melting transition (Tm) sharpness revealed a dependence of Trm on
aggregate size.[%31 From these data, it was hypothesized that PAEs on the surface of aggregates

must be in flux due to having fewer binding interactions than those in the bulk. This concept of
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PAE cooperativity was further corroborated by data revealing that an increased density of
“sticky ends” linking the particles to one another (through higher surface loading or geometric
factors like NP curvature) resulted in an increased and sharpened Tm[*® and could be capitalized
upon to selectively aggregate PAEs of different sizes.l® The collective nature of PAE binding,
where not one but many DNA hybridization interactions exist between two PAEs, allows these
building blocks to rearrange and densify when the temperature approaches Tm as observed in
both Monte Carlo simulations®®! and experiment,[®! ultimately proving incredibly important in
enabling the crystallization of PAEs.
2.2. Cooperativity of DNA “Sticky Ends” Enables Crystallization

The first decade of research into PAE assembly focused primarily on structures with
well-defined interparticle interactions but was unable to generate materials with anything more
than short range order defined by a constant interparticle distance.l®”l In the late 2000s, a
common intellectual breakthrough occurred independently in several research groups that
enabled the formation of NP superlattices with long-range order.[587% The key discovery was
that the ability to thermally anneal PAE aggregates into crystalline materials was inhibited by
the strength of the individual DNA hybridizations holding them together. When the strength of
each thermally-reversible binding interaction is reduced (e.g. shortening the ssDNA “sticky end”
at the end of each grafted oligonucleotide from 12 to as little as 4 bases®%), the rate of sticky
end duplex dissociation increases by several orders of magnitude. However, because of the
dense monolayer of oligonucleotides on the surface of the particles, the high local concentration
of sticky ends results in equally rapid reassociation.[’* As a result, the individual connections
between PAESs using these short sticky ends are in a constant state of flux, enabling particles to
more rapidly reorganize within an aggregate without fully dissociating from one another. This
increased mobility enables the PAEs to reach the enthalpically-driven thermodynamic state that
maximizes the overall number of DNA connections (i.e. maximizes the number of

complementary nearest neighbor particles) which is typically a periodic, close-packed
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crystalline arrangement.[®® The first PAE crystals comprised either a unary system (using PAEs
with self-complementary sticky ends) or a binary system (using two sets of equal size PAES
with different but complementary sticky ends) and formed either fcc or body-centered cubic
(bce) crystals, respectively (Figure 2C).[8%7% The fcc lattices were hypothesized to be stable
due to the fact that each particle possesses the maximum number of nearest neighbors (and thus
the maximum number of DNA connections to adjacent particles). While PAEs in a bcc lattice
do not maximize the total number of nearest neighbors, each particle in this binary system does
possess the maximum number of complementary nearest neighbors to which they can actually
form a DNA bond. While several different DNA design motifs have been shown to successfully
crystallize PAEs!®®70721 (some with slightly different design rules governing their behavior™),
all rely on the common intellectual principal of maximizing multivalent DNA interactions.
Following this initial breakthrough, a flood of new research began in understanding the
basic principles that governed the assembly of crystalline PAE structures, and it was quickly
discovered that many of the assembly behaviors closely matched atomic crystallization
phenomena that had already been explored. Ultimately, a set of design rules was laid out in
2011 that explained PAE crystallization behavior in a manner similar to Pauling’s rules for
ionic solids,® and a simple “complementary contact model” (CCM) was established to semi-
quantitatively explain the stability of different PAE lattice phases.[”*l However, unlike Pauling’s
rules, the CCM developed for PAEs used simple geometric rules to predict the arrangement of
particles that maximized favorable enthalpic interactions between DNA strands on
complementary particles. As a result, the CCM can actually be used to predict and even program
the crystalline lattice favored by a given set of PAEs, yielding a broad phase space of different,
experimentally-achievable crystallographic symmetries beyond fcc and bcc.’™ While
subsequent investigations have shown that the conformational entropy of the DNA ligands and
more complicated aspects of DNA hybridization are required to fully explain all aspects of PAE

superlattice formation, their assembly behavior remains highly predictable and controlled,
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resulting in an attractive crystallization technique for chemists and materials scientists. The
numerous similarities to atomic crystallization and ability to precisely dictate NP superlattice
structure ultimately led to the development of the term “programmable atom equivalent” (PAE)
to describe these building blocks.["!
3. Versatility in the PAE Construct®!
3.1. Modularity of the Nanoparticle Core

One of the major advantages provided by programming NP assembly with DNA is the
ability to completely separate the chemical composition of the NP core from the lattice structure
that is generated, enabling significant chemical diversity to the materials synthesis process. To
date, PAEs have been experimentally synthesized, functionalized, and crystallized with cores
of various metals, oxides, polymers, and even biological nano-structures (Figure 3).
Gold,207077.781 sjlver " and silver/gold core-shell® NPs are most commonly used, both
because their plasmon resonances allow for simple monitoring of assembly, and thiol chemistry
enables simple functionalization of particles with a dense DNA monolayer. NPs with
luminescent properties (cadmium selenide, 8828 cadmium telluride,[’® and zinc sulfidel’” 78]
quantum dots), magnetic properties (iron oxidel’”"884) and catalytic properties (palladiumt’®
and platinum{’™) have all also been demonstrated. The breadth of available PAE core sizes has
increased with the DNA functionalization of other oxide cores (silical®®! and titanial®l) and
polymer spheres (poly(styrene) (PS),[%886-81 poly(methyl methacrylate) (PMMA), and 3-
(trimethoxysilyl)propyl methacrylate (TPM)(®)). Even metal-organic-frameworks (MOFs)(®
have been shown as a suitable PAE core material. Intriguingly, “hollow” NPs that lack a solid
core have been synthesized using a cross-linking strategy that creates a thin polymer shell
around a AuNP core by using gold-catalyzed polymerization of alkynes.[®*! Subsequently, the
Au can be dissolved out of this structure without disrupting the overall size, shape, or binding
capability of the DNA corona, making a “3D spacer” that connects PAEs into a lattice. These

hollow particles are a key example of a design parameter that would not be achievable in either
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atomic systems or close-packed colloidal lattices, thereby enabling the synthesis of non-close
packed crystallographic symmetries (Section 3.3) and truly demonstrating the tailorability,
diversity, and control afforded by DNA-programmed assembly.

PAEs have been synthesized on both the nanoscale (2 nm to 1,000 nm)“58%92 and
microscalel®® %! with the same basic DNA design, and all follow the same design rules as
particles in the ~10-50 nm core size regimel’*%! (Figure 3). The key rule that governs the
crystallization of different PAE sizes is that the overall hydrodynamic radius of the PAE
determines its binding behavior, not the core size alone.l® However, at the nanoscale, the
accessible size regimes are energetically limited to a “zone of crystallization” based on DNA
length to NP diameter ratio.l® Conversely, in PAEs constructed from particles at larger length
scales (e.g. ~1-3 um), the DNA strands are often significantly shorter than the particle diameter,
meaning that the particle size ultimately dictates the range of accessible lattice parameters.®l

A majority of the NP cores in demonstrated PAEs are spherical and isotropically
functionalized with DNA, as these highly symmetric constructs are easier to synthesize.
However, in an effort to add more complexity to the PAE core and mirror the ability of atoms
to adopt directional binding as a function of valency, several different strategies of PAE
construction have been developed. First, while early work in PAE synthesis revealed multiple
routes to either patchy® or asymmetrically functionalized particles,®1 the particles
synthesized with these methods have not yet been demonstrated to form ordered crystals, and
breaking the symmetry of spherical building blocks remains a challenge. Nevertheless, by
functionalizing specific sites on pseudo-spherical proteins with DNA, PAEs were synthesized
with tunable and precise bond distributions where both the number and direction of DNA
linkages were controlled.’®%91 Sych constructs have been demonstrated to produce
arrangements that are unachievable with isotropically functionalized spheres.[®*1% |t is even
possible to functionalize different sites on the same protein with orthogonal DNA sticky ends,

thereby yielding Janus-type PAEs that assemble into 1D crystalline chains,*%l or complex
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layered crystalline structures of PAEs that alternate in NP core identity (composition or size)*%
(Section 3.3). A second strategy to impart directional interactions between spherical particles
involves trapping NPs within or at the vertices of anisotropic DNA origami constructs.[102-104]
The 3D shapes of these structures dictate both the valency and possible binding directions of
the overall construct, meaning that the shape of the contained spherical particle is separated
from the factors that dictate lattice symmetry. This method enabled a non-close-packed
diamond-type NP superlattice®® and was later expounded upon using various DNA
frameworks to achieve a breadth of crystalline symmetries.[1%l

A separate strategy to control valency and directional binding in PAEs relies on
isotropically functionalizing a non-spherical NP, such that the shaped core acts as scaffold
whose local geometry enforces direction on the DNA binding groups.[!®! This method is
particularly promising given the wide array of synthetic protocols able to produce anisotropic
NPs.[106-1101 |t was demonstrated that anisotropic NPs with flat faces tend to favor arrangements
in which these flat faces are aligned parallel with one another in order to maximize DNA
hybridization interactions, a concept understood as shape complementarity.[***l This anisotropic
directing force drives self-complementary plate-like NPs to form 1D chains, rods to form 2D
hexagonal lamellae, cubes to from 3D simple cubic (sc) lattices, etc.'*1131 Shape
complementarity has also been extended to include binary co-crystals of different shapes,
generating crystallographic arrangements that would not be possible with other NP
crystallization schemes.[*11114115] pPAES have also recently capitalized on a synthesis method
that produces clusters of spherical PS particles with well-defined arrangements.™**®! Given their
high stability, the clusters can then be DNA-functionalized and used as a PAE core with
complex shape. This strategy not only enables PAE “reactions” between two clusters akin to
molecular reactions but also is shown to produce unique crystalline symmetries(®! enabled by
the shape of the cluster.*1]

3.2. Programming Dynamic Assemblies via Controlled DNA Binding
12
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DNA was originally conceptualized as the ideal binding moiety for a PAE due to its
high information content and predictable nucleobase interactions. Indeed, DNA has proven its
programmability through tunable complementarity, length, binding strength, flexibility, and
even dynamic manipulability. Given the molecular purity of oligonucleotide synthesis and the
high persistence length of double-stranded DNA (dsDNA), the lattice parameter of a PAE
crystal can be linearly controlled based on the number of base pairs that constitute a PAE-PAE
bond.[*8 The binding strength between PAEs is mediated by DNA sticky end sequence,
number of linkers added to a PAE, and the solution’s salt concentration; thus, each of these
variables can be used to tune the temperature at which crystallization occurs.") Bond strength
can even be post-synthetically increased through the use of ruthenium coordination
complexes,[***! ethidium bromide,™*?% or silver ion intercalators.*?* While dsDNA is relatively
stiff, the flexibility of DNA strands between PAESs can be independently tuned by incorporating
ssDNA bases or polyethylene glycol “flexors” to effect crystallization ability and quality™??] or
alter the entropy penalty associated with PAE bond formation, which can result in alterations
to PAE superlattice structure.[*?]

To a great extent, the DNA corona of a PAE dictates its binding characteristics in a
manner analogous to how electron orbital shape and energy dictates atomic bond
formation.[*56124  The characteristics of the DNA corona (complementarity,®
directionality,[**! etc.) yield consistent crystallographic symmetries in PAESs similar to orbitals
dictating the final arrangement of atoms within the unit cell. One of the foremost analogies
between PAEs and atoms is that both exhibit a well-defined equilibrium bond length based on
a balance of repulsion and attraction (Figure 4). The interatomic distance between two atoms
is often modeled by a Lennard-Jones potential>*?>126] where there is an energetic minimum at
a specific spacing balanced by the repulsive force of overlapping electron orbitals and the
attractive force of atomic binding. Similarly, it has been shown both experimentally and through

computational modeling that the interparticle spacing of binding PAEs reach an equilibrium
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length due to a balance of the electrostatic repulsive force between negatively charged DNA
coronae and the enthalpic attractive force of maximizing DNA hybridizations.*?”] Both forces
can thus be modified through changing salt concentration (electrostatic shielding)™*?71%8l and
changing sticky end binding strength, respectively.

Further investigation concerning DNA’s behavior in different solution environments
allows for dynamic manipulation of the DNA corona and thereby the PAE lattice. Adjusting
from a phosphate buffered saline solution to ethanol causes reversible, dynamic changes in
lattice parameter due to adjustments in the local dielectric constant and thus interparticle
repulsion.!??1 Additionally, the addition of free water-soluble polymer to the solution causes
lattices with significant regions of unpaired (and thus more flexible) sSDNA in their linkers to
compress due to an increased osmotic pressure.[*3 The incorporation of “i-motif” sections into
the DNA linker strands allows for the PAE lattices to be adjusted as a function of solution pH,
as i-motifs exhibit condensed structures at low pH and extended conformations at high pH.[*31
Unfortunately, these adjustments are often small in magnitude given that the stability of a DNA
double helix is restricted to a small set of solution conditions and fairly radical changes in
solvent environment tend to destabilize dsDNA.[32-134]

However, the programmability of DNA base-pair sequences can induce more dramatic
manipulation of PAE lattices by tailoring which bases along a DNA linker hybridize with one
another. Specifically, the inclusion of DNA “hairpin” structures in the linker sections of PAEs
was initially shown to reversibly and precisely toggle the lattice parameter of PAE lattices upon
addition of DNA sequences to open and close the hairpin.[*31%€] This motif was further
developed to enable toggling between “activated” and “deactivated” states, thereby affecting
both the number and nucleobase sequence of the sticky ends expressed on each particle. As a
result, particle stoichiometry within a lattice, the ratio of the number of linkers contained on
each PAE in a binary structure, and which PAEs were able to form bonds with one another

could be reversibly altered, enabling the ability to dynamically toggle a lattice between different
14
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crystallographic symmetries.[**] It is worth noting that, although each different state of a
hairpin-containing PAE mimics atomic crystallization behavior in the manners discussed here,
the ability to switch this binding behavior independently of elemental composition is not
possible in atomic systems. While the programmability and complexity of DNA structure
allows for an individual particle to exist in multiple forms that possess distinct binding behavior,
there is no way to “transmute” an individual atom to change its inherent bonding characteristics
without changing its electronic structure. As a result, these hairpin-containing particles are a
key example of how PAEs are more than simple nanoscale artificial atoms.
3.3. Programming Local Coordination within a PAE Lattice

As a result of the elucidation of the PAE crystallization design rules®! and the
development of PAEs of various shapes, sizes, and binding directionality (Section 3.1), a vast
library of lattice symmetries has been realized for PAE crystals (Figure 5).[**1 While the first
unit cells that were synthesized formed relatively simple fcc and bcc symmetries, the
engineering of superlattice crystallographic arrangements has since broadened to include binary
structures isostructural to cesium chloride (CsCl), aluminum diboride (AIB2), chromium
silicide (CrsSi), and an ABs structure that has no atomic analogue but is isostructural to the
alkali-fullerene complex CseCeo."**%1 Importantly, mirroring binary mixtures of atoms, an
entire binary phase diagram was elucidated where PAEs of differing relative sizes and amounts
of linkers were found to maximize the DNA hybridization between nearest complementary
neighbors and determine the energetically most stable unit cell.’4 These initial phase maps
have since been refined using theoretical modeling!*3®1%% and extended to include
stoichiometric phase behavior.l’41#1 Unachievable in binary atomic unit cells, the “hollow”
PAEs (Section 3.1) enabled the selective omission of one constituent, effectively creating sc
lattices from bcc, graphite-type (omit A) or simple hexagonal (omit B) structures from AlB>,
and bee (omit B) or ‘lattice X’ (omit A) — a crystallographic unit cell unique to only this system

— from ABg symmetries.®]
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More complex functionalization of PAEs with both two different sets of linkers (one
with self-complementary sticky ends and the other with sticky ends complementary to a second
PAE) was shown to enable both sc and sodium chloride (NaCl) unit cells.[” This same strategy
of using multiple and orthogonally programmable DNA binding interactions was later used to
create ternary lattices. This method involved first assembling a binary “parent” lattice using one
set of complementary DNA sticky end interactions and later infiltrating this lattice with a third
type of PAE capable of weakly binding to both parent PAEs, precisely designed so that it filled
in the interstitial holes of the parent structure.[**? These ternary systems resulted in perovskite-
type ABCs unit cells, as well as several unit cells without known atomic analogues (ABC12,
A:B3, AB4), making these lattices the first NP-based crystal structures that were rationally
designed prior to synthesis.

While the predominant driving force that dictated the thermodynamically favorable
lattice structure for a given set of PAEs was initially discovered to be almost entirely an
enthalpic maximization of DNA binding, it was later found that entropic effects could be
increased with flexible DNA linkers, thereby inducing self-complementary PAES to form a bcc
lattice even though this structure represents a lower packing density than the prior fcc structures
that had been obtained in unary systems.[*?l Making the core-core interactions appreciable in
scale, one study found the binary phase isostructural to sodium-thallium (NaT1).[®? Additionally,
it was discovered that higher energy unit cells could be synthesized in a kinetically trapped state
under the correct conditions (e.g. hexagonal close packed (hcp) lattices form as a kinetic
structure for PAEs whose thermodynamically preferred phase is fcc).[”4l Another unique phase,
isostructural with thorium phosphide (ThsP4), was isolated by changing the binding motif to
one with increased “bond order” (achieved by using branching DNA strands where each linker
terminated in multiple sticky ends).[*%l Finally, the PAEs with programmed valency and
directional binding as a result of anisotropic core shape or surface functionalization (Section

3.1) have exhibited several unique lattice arrangements not currently realized in PAEs with
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isotropic binding, namely 1D and 2D crystals, 1031941121131 hody-centered tetragonal (bct) unit
cells,*%11] Jayered structures,'® the Laves phase isostructural to dicopper magnesium
(MgCuy),’® and even diamond symmetry.[*%2 As these more complex phases indicate, further
experimental and theoretical investigations are required to garner a full understanding of the
multiple different forces that are important in dictating PAE assembly. This review proposes
the following perspective to serve as inspiration for future exploration of the DNA-grafted NP
field: approaching PAE crystallization through the lens of atomic crystallization can offer
insight and explanation to much of the complexity within colloidal NP crystallization.

4. Directly Analogizing Colloidal PAE Assembly to Atomic Crystallization

The major advantages of the PAE system in producing NP superlattices are the diversity
of structures that can be synthesized and the programmability that allows for researchers to
specifically dictate the lattice parameters and symmetries of the material being made.
Importantly, this programmability stems from not only the predictability of DNA hybridization
but also from the fact that the crystallization of PAEs can be readily explained using the wealth
of knowledge that has been developed from studying atomic crystals. In contrast to early work
using colloids as “artificial atoms” (Section 1), the formation of PAE crystals mediated by DNA
binding uses localized concentrations of sticky ends that can be analogized to atomic binding
via localized electron orbitals. This results in lattice formation that follows fundamentally
similar nucleation and growth dynamics as observed in atomic systems, as well as classical
atomic materials science principals such as surface faceting, defect structures, and epitaxial
deposition.

Many of these analogies were discovered by using atomic crystallization behavior as
inspiration for hypotheses to investigate new PAE behavior, and the conclusions found in those
studies were often explained by viewing them through the lens of known atomic behavior.
However, unlike atoms whose binding characteristics are innately tied their atomic identity,

modular PAEs can independently adjust individual variables to further investigate the observed
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phenomena in a way that is unachievable in atomic crystals, enabling more complex structure-
property relationships to be developed (Section 5.1).
4.1. Nucleation and Growth Dynamics of PAE Lattices

Due to the similarities in binding behavior between atoms and PAEs, their
crystallization dynamics are expected to follow analogous behaviors. Indeed, the “melting”
temperature (Tm) of PAEs is several degrees higher than the “crystallization” temperature, as
measured by UV-Vis spectroscopy.**4 This is due to a phenomena called undercooling, a form
of super saturation commonly observed in atomic metals and even water.[%45146] There is a
zone of temperatures below Tm where the driving force for nucleation is so low that crystals do
not form in appreciable amounts; within this region, the free PAEs are metastable. Interestingly,
the metastable zone width in the PAE system was found to be dependent on the valency of the
PAE used.[* The higher number of nearest neighbors the particle could support, the higher
the energy barrier for nucleation, and therefore, the higher degree of undercooling required to
induce nucleation. This is an example of a variable trait that cannot be independently studied in
atomic systems where the valency of the atom is inherently tied to its identity.[> Thus, the effect
of nearest neighbor number on nucleation barrier in atomic crystals cannot be investigated
without changing the constituent components and thereby introducing more variables into the
nucleation behavior but, conversely, can be studied with PAEs.

A more thorough investigation of PAEs’ crystallization behavior has been done with in
situ structural analysis of crystallite size and quality during nucleation and growth. These
studies demonstrated that PAEs display classic nucleation and growth behavior that has been
comprehensively explained for atomic solids, where small clusters form, reorganize into
crystalline nuclei of a critical stable radius, then grow in domain size as a function of solution
temperature.[**”l However, these dynamics can be easily tuned by adjusting PAE characteristics
(sticky end sequence, number of linkers, and salt concentration)*] whereas atoms’ behaviors

are generally dictated by the valencies and bond strengths inherent to their element. Based on
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optical observations, it has been hypothesized that PAE crystal formation from an initial
amorphous aggregate follows an “Ostwald ripening” behavior common to atomic crystallites
where atoms migrate from small crystals to large crystals due to a size-dependent difference in
melting temperature.!®? Molecular dynamics simulations, however, have shown behavior more
akin to oriented attachment/rearrangement,!**l indicating the potential for further investigation
into this complex behavior (Section 5.2).

PAE crystallization has also been experimentally shown to exhibit more complex
crystallization phenomena, such as the classic time-temperature-transformation (TTT) behavior
of atomic materials. TTT diagrams have a distinctive C-shape as a function of the undercooling
temperature where a maximum rate of crystallization occurs at a specific temperature due to a
balance of nucleation (faster at low temperatures due to larger undercooling and energetic
driving force) and growth speeds (faster at high temperatures due to more thermal energy).™
This behavior was characterized first in nanoscale PAEs using in situ small angle X-ray (SAXS)
measurementst’t and later directly observed and mapped through optical, in situ imaging of
micron-sized PAEs (Figure 6A).[

When a batch of PAEs is slowly cooled such that nucleation and growth occurs under
equilibrium conditions, the crystallites adopt thermodynamic Wulff constructions with a
controlled and predictable habit (overall faceted shape).l**] Behaving exactly like atomic
crystals, the resultant shape is dominated by the slowest growing planes of the lattice, resulting
in a Wulff polyhedron whose shape is characteristic to the crystallographic unit cell and planar
energies.lb1%0 Single PAE crystallites displaying faceting consistent with the Wulff
construction have been observed for the bee, CsCl, 12491 and AIB,*5H symmetries and for several
anisotropic PAE systems!*>? (Figure 6B). The nearly perfect crystallites only exhibited minor
defects of “adatoms,” ledges, kinks, and terraces on the planar faces,4*'*1 which are also
commonly observed in growing atomic crystals. Finding inspiration from chemical engineering

studies in existing crystal processing techniques used to sharpen size distributions of grown
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atomic crystals, recent work in the batch crystallization of PAE crystallites selectively removed
those beyond a critical size with gravity to halt their growth and increase single-crystal size
uniformity.[*5%l The process utilized a “batch crystallizer” solution of free PAES placed above
an immiscible, more dense liquid that would not allow free PAEs to disperse within it. Once
crystals nucleated and grew to a critical size, gravitational forces were enough to sediment the
PAE crystallites into the liquid without free particles, arresting their growth. Each of the
investigations discussed in this section demonstrate that the strongest parallels between atoms
and PAEs exist in this area of crystallization dynamics, allowing researchers to efficiently and
effectively implement and apply the strategies used in atomic systems to control aspects of PAE
crystallite size, shape, faceting, etc.
4.2. Interactions at Interfaces and Epitaxy

Behavior at a substrate surface represents an active area of research in both atomic and
PAE systems due to the unique properties that arise from interfacial interactions, as well as
potential applications that thin film materials enable.[**2%% |n this regard, a number of studies
have explored the thermodynamics and kinetics of PAE adsorption to a functionalized surface.
For example, when PAE attachment onto a surface was restricted to lithographically defined
gold “landing pads,” adsorption that satisfies the assumptions of the atomic Langmuir model
was observed.[* Further restricting the free motion of PAEs by forcing movement through
PMMA wells to reach interfacial attachment sites, PAEs kinetically followed Fick’s classical
law of diffusion (akin to atoms or molecules diffusing through pores)*>! and were organized
into complex architectures through this strategy of template-confinement.[*>8! The interfacial
binding strength and surface mobility of substrate-bound PAEs were found to be dependent on
both PAE design features (e.g. sticky end length)[*** and substrate design features (e.g. areal
DNA density)¢°! with degrees of programmability difficult to attain in atomic adsorption.
However, these studies were primarily limited to individual PAEs, small clusters, or

monolayers.
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Ultimately, the first example of bulk PAE crystallization at a surface used a method
analogous to atomic layer deposition, where PAE thin films were synthesized using layer-by-
layer deposition of complementary PAEs onto a flat DNA-functionalized substrate.[**t This
proof-of-concept work demonstrated that the orientation of the thin film grains could be
predictably controlled by the functionalization of the substrate with either one or both types of
complementary sticky ends (Figure 7A). This preferential alignment of PAE orientation is
directly mirrored in atomic thin films where grains of certain alignments relative to the substrate
are energetically stabilized by it and thus dominate in the thermodynamic product.*6216% |n
cases where this stabilization is extremely favorable, the depositing material will adopt the
crystallographic arrangement and even lattice parameter of the substrate material in a process
known as epitaxy.[*64

Recent advances have built upon the early work that used unpatterned surfaces by
developing a platform that mimics the process of atomic epitaxy at the nanoscale with PAEs.
Epitaxial deposition was demonstrated by first using lithographic patterning to produce a
template of nanodots, where the shape of the nanodots was consistent with the size and shape
of the deposited PAEs’ NP cores, and the arrangement of the nanodots mimicked a particular
crystallographic plane of the PAE lattice.[*%] Following DNA functionalization of the nanodots
and subsequent deposition of complementary PAEs, a layer of PAEs formed that matched the
underlying patterned plane. By tailoring the structure of the lithographically defined patterning,
monolayers were epitaxially grown to match the {100}, {110}, and {111} crystal planes of a
bee superlattice.[*®°! Later work demonstrated that subsequent rounds of deposition enabled the
synthesis of a multilayer, millimeter-sized single-crystal (Figure 7B).1*%81 This proxy platform
was then used to investigate the alleviation of strain due to lattice mismatch in the PAE thin
films by patterning nanodots with periodicities inconsistent with the equilibrium, bulk PAE
lattice parameter.[”1 PAESs exhibited similar strain alleviation mechanisms as are hypothesized

to occur in atomic systems,*®® including elastic relaxation and defect formation (vacancies and
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misfit dislocations).[**”1 This work also highlights a conceptual advance in controlling PAE
microscale structure through combining top-down lithographic templating and bottom-up PAE
self-assembly. With such a template, the overall shape of the crystallite is dictated by a set of
arbitrary boundary conditions, and its size is theoretically unlimited beyond the conditions that
limit the size of the pattern that can be lithographically fabricated. 2]

5. Future Areas of Investigation for PAE Crystallization

5.1. Using PAEs as a Proxy System to Study Atomic Crystallization

As more analogies between atomic crystallization and PAE crystallization are
elucidated, the atomic scale continually provides concepts and knowledge that can be explored
at the nanoscale using PAEs. In turn, PAEs could potentially provide a nanoscale platform
through which specific crystallization behaviors that are challenging to directly study at the
atomic scale could be investigated (Figure 8). This section will elucidate potential areas of
investigation in which the programmability of DNA-coated NP assembly has not yet been fully
realized as a means to understand basic crystallization phenomena, but in which there exists
significant potential for scientific discovery.

Historically, proxy systems have precedence in elucidating atomic behavior before
direct analytical techniques are available. For instance, “bubble rafts” were used to observe
grain boundary formation,*6% providing the first experimental evidence for behavior such as
plastic deformation via slip and impurity segregation at the grain boundary."%"1l The main
advantage of the bubble raft proxy system is that bubble rafts can be observed with the naked
eye, while atomic scale resolution was only developed decades later.[*”?! On the same principle,
PAEs as analogs for atomic systems can be readily imaged with micron scale or even nanoscale
resolution, allowing for optical and electron microscopy techniques to monitor the
crystallization processes with real-space imaging techniques.[®*!"3174 Fuyrthermore, the
properties of a PAE (binding characteristics, size, relative softness, etc.) are precisely

programmable and tunable (Section 3), whereas an atom’s characteristics are dictated by its
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identity. Utilizing atoms as building blocks, it is difficult to independently adjust variables like
size and binding strength without simultaneously changing characteristics such as binding
direction or electronic properties.['?l Using PAEs as a proxy system could enable the
independent investigation of the effects of specific variables on complex, atomic phenomena.
One potential area of investigation is why certain systems undergo surface diffusion via atom
exchange mechanisms as opposed to adatom hopping mechanisms.!*"*! Current theories include
effects from tensile surface stresses, surface relaxation about the adatoms, or increased stability
from surface-adatom interactions during coordinated exchange.[!”® Using PAEs as a proxy
system, in which the effects of each of these parameters may be isolated by separately
programming adatom-surface, surface-surface, and surface-bulk interactions (Section 3.2),
could provide more controlled empirical datasets relative to that provided by existing atomic
systems and facilitate the development of a theoretical framework behind these distinct
mechanisms.

The PAE building block provides a platform for structure control across many length
scales, including the elemental composition of the NP cores, the nanoscale size and shape of
the particle and DNA linkers (Section 3.1), the coordination environment of the particle within
a crystallographic unit cell (Section 3.3), and potentially the lattice superstructure (crystallite
habits, orientations, and defects) (Section 4). However, most of the potential and hypothesized
applications of PAEs as a proxy system to study analogous atomic crystallization behaviors and
as a unique materials synthon are just beginning to be realized. An ever-growing understanding
of the PAE construct and its colloidal assembly behavior is necessary to develop both analogies
to atomic behavior as well advance the field of colloidal interactions in general. Thus, this
review encourages both experimental and theoretical research that facilitate in understanding
the complexities of dictating structure in PAE assemblies, in particular the development of new
analytical tools and imaging techniques.[73174]

5.2. Development of New Tools and Techniques to Probe PAE Assembly
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Major breakthroughs in materials design are often preceded by the invention of new
diagnostic tools or instrumental measurement techniques, as these allow for exploration of
previously unanswerable research questions. As understanding of the strengths and limitations
of analogizing PAE assembly to atomic crystallization are elucidated, many of the hypotheses
that could be probed will require advancements in characterization tools to fully explore these
comparisons. A key area of investigation for PAE crystallization is therefore the development
of new tools and techniques that allow for complete understanding of PAE assembly behavior.
For atomic systems, in situ imaging of chemical reactions has only been achieved using
sophisticated non-contact atomic force microscopy with a single carbon monoxide molecule
tip.[*”"1 However, the PAE proxy system occurs at significantly different size, time, and energy
scales that make PAE assembly potentially much easier to directly observe and characterize in
situ.[®®1781 |f the studies into the complex factors that control PAE assembly continue to show
strong correlation to atomic crystal formation (Section 4), it is reasonable to hypothesize that
the direct observation of these phenomena could lead to generalizable insights into not just the
thermodynamics of crystallization but also the pathways by which both colloidal and atomic
crystals form. Nevertheless, the predominant method for monitoring nanoscale PAE assembly
in situ still relies on reciprocal space techniques such as X-ray scattering. While SAXS has
allowed for real-time examination of crystal formation in nanoscale PAEs,*"] this method is
indirect and provides information solely about the bulk structure of the lattices being
formed.[*”®1 At larger length scales, micron-sized PAEs have been observed using optical
microscopy, which has already afforded a wealth of information on material structure during
the crystal growth process.[**l Nevertheless, these PAEs are typically only examined in pseudo-
2D architectures that are significantly affected by gravitational forces, meaning that their
behavior may not entirely mimic atomic crystal formation.

In principle, recent advances in solution phase electron microscopy!*’® could be used to

examine PAE assembly at the nanoscale—indeed, some examples of in situ imaging NP
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crystallization (using non-PAE architectures) have already been developed,*"3174l indicating
that this method has significant potential for examining PAE behavior. The major challenge for
such a technique is in producing an in situ, solution phase electron microscopy platform with
the necessary resolution that uses non-damaging levels of radiation to the PAE construct.
However, the establishment of such a technique would provide significant benefit for the use
of PAEs as atomic proxy systems (Section 5.1), as it could allow for imaging of crystallization
behaviors that would be challenging or impossible to observe in atomic crystals.

Importantly, development of these in situ techniques would further enable the ability to
investigate atomic systems through a PAE proxy by taking advantage of the independently
programmable design handles to isolate the effects of each individual PAE characteristic. For
example, while some techniques exist to image behavior such as defect diffusion or surface
diffusion in atomic systems,[*8-182 3 PAE proxy system would allow for investigation into
changing one parameter, such as bond energy, without altering any other properties like
building block size or bond directions. Additionally, in situ microscopy would enable direct
observation of phenomena like grain formation and grain growth mechanisms which have been
hypothesized for atomic grains but prove incredibly difficult to track at the level of each
individual atom.[*8-181 Ultimately, such a technological advance would allow for the use of
PAEs to investigate any number of crystallization mechanisms including TTT behavior in
nanoscale PAEs, Ostwald ripening versus oriented reattachment of crystallites, defect
formation, grain boundary diffusion, plastic deformation, and crystal growth both
homogenously and heterogeneously at interfaces. Furthermore, this more advanced observation
of PAE assembly would enable a deeper understanding to the complex combination of forces
that contribute to colloidal behavior beyond those already analogized in the “atom equivalent”
framework. We would note that, in the context of nanoscale PAEs, the direct imaging of crystal
formation remains an underinvestigated area. Thus, while the strong analogies to atomic

crystallization indicate that the projected benefit from such studies would be large, it remains
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to be seen exactly how much information gained from such systems can be directly generalized
to atomic crystallization. We would therefore encourage the community to continue to develop
characterization tools to achieve this goal.
5.3. Arbitrary Control over Superlattice Habit

In addition to a stronger understanding of the dynamics of individual building blocks, a
second major goal for PAE superstructure control is the ability to arbitrarily control PAE
crystallite habit (size and shape). Recently, single-crystal PAE architectures have been used as
individual optical devices in geometrically sensitive applications, reliant on their well-defined,
thermodynamic Wulff polyhedron structure.[8-181 Furthermore, theoretical work indicates
that AuNP superlattices of precisely defined shapes exhibit unique optical responses.[18%:1%0]
However, the shape of the currently accessible Wulff crystals**®*51.152] js inherently dictated by
the crystallographic symmetry of the corresponding unit cell and cannot be arbitrarily
manipulated. If successful in dictating PAE crystallite size and shape, such a structure-defining
strategy would advance the understanding of colloidal crystallization and broaden the realm of
applications available to NP-based crystallites.

In atomic systems, multiple mechanisms have been explored as a means of controlling
crystal habit,[**] and many of these have yet to be examined in PAE superlattices, indicating a
wide area of potential research opportunities. For example, limited tuning of superlattice shape
could theoretically be achieved by nucleating crystals at a DNA-functionalized surface,
possibly allowing for tunable Winterbottom constructions that effectively truncate the
thermodynamically preferred Wulff polyhedra at specific lattice planes, taking advantage of
DNA’s programmability to tune substrate-PAE interactions.[1921%81 Extending this strategy of
imposing boundary conditions on PAE crystallite growth, the Summertop formalism (where
nucleation and growth are restricted by multiple interfaces)**!! could also be investigated by
assembling PAEs at surfaces with concave or convex shapes. Alternatively, just as metal NPs

of varying shapes have been synthesized through the introduction of facet capping agents during
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nucleation and growth,[108:110.195.1%1 jt may be possible to manipulate PAE superlattice crystal
shape using nanoscale “capping” constructs. Each of these hypotheses to control PAE crystal
habit utilizes an atomic mechanism as inspiration. However, none of the methods has been
explored yet, and no analogous means of using these mechanisms to control PAE lattice habit
has been developed to date.

In atomic systems, the synthesis of heterocrystals with disparate material properties
allow for the fabrication of devices, such as transistors, enabled by junctions of semiconductors
with different band structures (e.g. non-uniform composition or doping profiles).[t%7-1%1
Analogously, the development of crystals that possess a singular overall crystal structure but
different PAE compositions at different points along the lattice would yield spatially variant
properties within a PAE material, enabling the creation of highly complex NP-based devices if
the variance is well-understood and programmable. It is important to note that such a structure
could be achieved due to the fact that the packing of PAEs within a lattice is dictated by the
overall hydrodynamic radius of the building blocks, and the identities of the NP cores can be
tailored independently of this value (Section 3)."4 As a result, multiple different PAEs could,
in principle, be used to form a single crystal structure, even if their NP cores were widely varied
in size or elemental composition.[7477:78:82:86.200]

Recently, preliminary work has been done to extend spatial control over PAEs at a
surface by templating the deposition of PAE films using top-down lithography methods
(Section 4.2). Strategies include using site-specific e-beam irradiation to damage a DNA-
functionalized interface prior to deposition of a PAE monolayer resulting in NP size
segregation,*®® depositing PAEs onto lithographically defined gold “landing pads” or into
PMMA wells,[*%6-2%8] and epitaxial deposition on arbitrarily shaped arrays of gold
nanodots.[*%6:1671 Future work may be done to investigate post-processing techniques to
manipulate the PAE material after assembly. For example, lithographic ablation could

potentially be used to controllably remove sections of the PAE aggregate without altering or
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damaging the other regions of the superstructure. The development of such high fidelity, high
precision lithographic techniques would enable the construction of nanomaterial devices from
PAE materials, taking full advantage of the properties nanostructured architectures provide. It
is important to note that much of this work is still at the stage of simply developing the
prerequisite tool-set needed to make such complicated structures. Regardless, pairing the
programmability of DNA-encoded assembly with sophisticated lithographic patterning
techniques could potentially enable hierarchical structures with design features across multiple
length scales; similar types of structures that have been fabricated via lithography alone have
shown promise for developing materials with multiple unique physical properties.?°*-204 The
advantage of the PAE system would be to improve the resolution,8 complexity,[ or stimuli
responsivenessi*3:1371 of such systems.
5.4. Expanding the Properties of Nanostructured Materials

In NP-based materials, properties are garnered through the collective properties of the
constituent composite materials (i.e. PAE core composition, Section 3.1),[1102052061 byt more
importantly, emergent properties can arise from an ordered, nanoscale structure,’?°’l which
PAEs are able to provide with exquisite programmability (Section 3.3). While many of the
properties that will be discussed in this subsection have only been proposed and not yet realized,
it is important to note that PAEs do indeed provide a unique platform for studying structure-
property relationships. Thus, the key advantage of PAEs in developing new structures is not
necessarily in providing access to materials for commercial or industrial applications but rather
in better understanding how material organization across multiple length scales can be used to
tune such physical and chemical characteristics. As specific examples, this subsection explores
the impacts of structure on the optical, electrical, and mechanical properties of NP-based
materials.

At the atomic scale, optical properties are dictated by interactions between photons and

electrons in the material (Figure 9).[2%2% However, in “photonic” materials with periodic
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structures at length scales comparable to the wavelength of visible light, diffraction from
superlattice subunits can be used to design interference conditions to further manipulate light
in the material.[2%8210-2121 A common example of this is a phenomenon known as “structural
color,” in which a band of light exhibits destructive interference within the material and is,
therefore, reflected rather than transmitted. The result is a bulk material color not exhibited in
a non-assembled or randomly positioned set of NP subunits.?**-215] Specifically, PAEs have
demonstrated structural color due to index contrast between slip planes, causing reflection of
specific wavelengths.[?®l However, a thorough investigation into the effects of PAE design
variables (e.g. lattice parameter, NP core shape, etc.) on the resulting color and further optical
properties of NP assemblies still remains an underdeveloped area of research.

Electrical behavior in atomic systems is governed by electron-lattice interactions within
the material,?72%8] but materials with coupled capacitive and inductive subunits can be used to
design collective excitation behaviors (Figure 9).[?*%221 Macro-scale antenna arrays have
utilized these concepts to manipulate electromagnetic fields in exotic ways, such as the split-
ring resonator arrays to generate negative refractive-index surfaces enabling stealth planes to
remain undetected by radar.[?**] By fabricating similar coupled structures at the much smaller
nanoscale, it would be possible to extend this cloaking behavior into the visible.???21 However,
conventional, top-down lithographic techniques capable of fabricating the nanoscale features
required to manipulate wavelengths of light in the visible spectrum are impractical methods to
generate large, 3D patterns.[?232241 This inherent tradeoff between resolution and bulk synthesis
restricts these unique materials to either limited-size applications or the manipulation of low-
frequency electromagnetic waves, such as radio waves. Conversely, PAEs offer a
programmable, bottom-up synthesis approach to create and study 3D bulk materials with well-
defined nanostructure, promising an expansion of light-manipulating applications for NP-based

materials.
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In atomic systems, phonons are responsible for the transport of sound and heat through
a material due to atomic vibrations (Figure 9).[2722%] Previous work has demonstrated that NPs
embedded into a substrate can modify the behavior of these phonons by either modifying the
interfacial behavior of the embedded matrix[?%®! or by causing phonons to scatter.[??”l As with
photonic and electronic structural properties, designing a PAE system with interfering
mechanical modes, or coupled mechanical oscillations, could potentially allow for structural
control over simple mechanical properties (e.g. propagation of heat and sound).[??®1 More
sophisticated structures, such as auxetic composites at the macroscale,?*®! have demonstrated
exotic properties that are specifically enabled by collective behavior (e.g. negative Poisson
ratiol?%%). Because these behaviors are dictated solely as a function of the overall organization
of structural features and not length scale, nanoscale equivalents are hypothesized to be
achievable with PAEs due to their exquisite control over hierarchical organization; however,
this would require further investigation into the mechanical behavior of PAE lattices, as well
as techniques to probe PAE structural response to mechanical stimuli.

While the potential for PAE-based materials with exotic properties is enormous, many
of these applications require NPs with specific elemental compositions. However, not all
compositions, sizes, and shapes of NPs that can be synthesized have been demonstrated as
templates for PAEs as yet (Section 3.1). The major challenge limiting the number of particle
compositions that can be examined in PAE crystallization is that new attachment chemistries
will be required to functionalize a dense monolayer of DNA on those materials. While there
have been some attempts at creating a generalizable attachment chemistry for DNA to NPs of
arbitrary composition,I’" this methodology has not been widely adopted due to the challenging
synthetic protocol and limited yields. Additionally, the current crystallographic symmetries
available to PAEs almost exclusively rely on isotropic particles, and different particle valencies
are largely imparted by the use of different NP core shapes (Section 3.3):[** this is in direct

contrast to the atomic valencies that give rise to complicated and low symmetry lattices.[>1%
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In theory, PAEs with greater control over the directions of their bonds could be realized with
the development of anisotropically functionalized particles. Simulations reveal that such
“patchy” PAEs with specific binding sites across their surfaces would have unique self-
assembly behavior,[?®! but the currently synthesizable patchy particles have yet to produce
crystalline materials with long-range order.!?8! However, if successful, anisotropic control over
assembly could enable creation of exotic analogs to atomic symmetries including
quasicrystals,®21 chiral lattices,!*®! or high-entropy alloys.[?®*41 Research developments in
chemistry will therefore be required to access the full programmable potential of the PAE
building block.

In addition to limitations in accessible core compositions, one of the major inherent
limitations in the utility of PAE-based materials synthesis is that DNA duplexes exhibit limited
stability in different environments,[12:129.1331341 and thus, PAE lattices are not readily usable for
many different devices or applications. Some techniques have been developed to increase the
stability of the PAE system after assembly, such as incorporation of intercalating elements to
increase the DNA binding strengthl**%*20] or selective nucleation of materials such as silical?®!
or silver® in the vicinity of the PAE crystals, embedding them into stable states that can be
removed from solution. Modifications to the DNA linkers (Section 3.2) enable further control
of the material properties of the PAE system, such as the dynamic responsivity,**! stability in
varying environments,*?° Young’s modulus,?®! or conductivity.l*?] However, the physical
and chemical limitations of DNA still inhibit transference of PAEs to a wide array of conditions.

As mentioned at the beginning of this section, the key advantage of PAEs is in the
development of structure-property relationships that could later be explored in a more diverse
set of building blocks that are not necessarily based on DNA-programmed assembly. As a result,
much of the PAE work highlighted in this review provides a blueprint for such materials,
allowing PAEs to serve as inspiration for future work and to aid the development of future

building blocks. If a suitable replacement for DNA that possesses many of the characteristics
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that enable PAE assembly (programmable binding interactions, controlled length, etc.) were
developed, much of the work elucidated in this review could be translated to a significantly
greater range of material designs. An example would be to replace the DNA with different
polymeric analogues, thereby enabling control as a function of both the NP core and the ligands
that bind the particles into a lattice. Recently, the first example of such a broadly tunable NP
structure has been developed, dubbed the “nanocomposite tecton” (NCT).[?21 NP superlattice
synthesis with NCTs has demonstrated that many of the concepts developed in the PAE system
can apply to a generalized NP building block thus allowing the significant amount of
information that has been outlined in this review to be translated to potentially a significantly
wider array of materials. As a proof of concept, initial work on NCTs used poly(styrene) ligands
rather than duplexed DNA, where a complementary hydrogen bonding motif at the ends of the
poly(styrene) chains enabled multivalent binding interactions between particles. Like the PAE
system, the NCTs exhibit selective particle-particle bonding that allows for the assembly of
superlattice structures with independently tunable particle size, interparticle spacing, and
crystallographic symmetries. However, unlike the PAE system, NCTs use no expensive
biological components and are stable in nonpolar solvents. This work to replace DNA with a
wider range of materials greatly expands the design space of accessible material properties,
including new mechanical, optical, thermal, or chemical properties.
6. Conclusion

This review highlights the development and impacts of the “programmable atom
equivalent” building block constructed from DNA-grafted NPs. Specifically, how these unique
colloids mirror atomic behavior can be used as the framework of an effective strategy for the
rational synthesis of hierarchical materials. DNA is arguably the most programmable directing
ligand available for NP self-assembly methods due to its precise and tunable Watson-Crick
base-pair hybridization. Thus, the architecture of a PAE that expresses a discrete nanoscale

orientation of DNA “sticky ends” enables multivalent, cooperative binding behavior that can
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be used to generate crystalline arrangements of NPs that maximize DNA hybridization
interactions. Importantly, the programmability and versatility in the binding capabilities of the
PAE construct is derived independently from its modular core (size, shape, and composition),
allowing for this synthon to be used to synthesize multiple different materials using a single
assembly strategy. Moreover, because PAES mirror many aspects of atomic binding behavior,
the principles that have been extensively examined by chemists and materials scientists can be
used to explain PAE crystallization, further enhancing their use in a programmable manner.
Nevertheless, while a significant amount of research has been done to begin the process of fully
drawing a correlation between PAE assembly and atomic crystallization, to fully understand
and utilize the PAE platform further investigation into the assembly kinetics, arbitrary control
over the size and shape of the crystallites, and creation of spatial variance is required. Such
research will enable both the synthesis of designer materials, as well as the use of PAES as an
atomic proxy system where behaviors that are difficult to directly observe at angstrom length
scales can be more easily characterized at the nanoscale. A full understanding of the assembly
process of PAEs based on the framework described in this review will therefore enable a new
era of materials synthesis demonstrating that the “programmable atom equivalent” moniker is

indeed an appropriate label for these unique nanoscale building blocks.
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Figure 1. DNA-grafted nanoparticles as “programmable atom equivalents” utilize atomic
crystallization phenomena as a framework to build nanoparticle superlattices at larger length
scales. Adapted with permission,[152154.155.167,168,172.186.218] Copyright 2016, 2018, American
Chemical Society (ACS). Copyright 2015, John Wiley and Sons. Copyright 2017, The
American Association for the Advancement of Science (AAAS). Copyright 2008 and 2015,

IOP Publishing. Copyright 2013, Springer Nature. Copyright 2017, National Academy of
Sciences (NAS).
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Figure 2. The characteristics of a DNA-grafted nanoparticle that allow it to be defined as a
“programmable atom equivalent” are as follows: (A) a densely functionalized core that results
in multivalency, (B) a “sticky end” motif that provides specific binding interactions between
complementary particles, and (C) a programmable crystalline unit cell that is based on
maximizing complementary contact. Adapted with permission.[’#™! Copyright 2011, AAAS.

Copyright 2013, John Wiley and Sons.
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Figure 3. A modular nanoparticle core provides “programmable atom equivalents” with a
breadth of compositions, sizes, and shapes (directional binding) yielding a wide array of
different properties and characteristics. Adapted with permission,[782869091.100,102,111,112,116]
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Copyright 2010, 2011, 2013, and 2015, Springer Nature. Copyright 2014, 2015, and 2018, ACS.
Copyright 2003 and 2016, AAAS.
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Figure 4. Both (A) atoms and (B) “programmable atom equivalents” analogously exhibit well-
defined energy potentials based on interparticle distance, resulting in equilibrium bond lengths.
Adapted with permission.[*?6127] Copyright 2017, ACS.

I
'Vifl\wi' J J\'

V W

| ’ |
‘ ‘ ‘ “
Il |
LUUN

Figure 5. Specific and programmable binding, dictated by the DNA coronae, enables numerous
crystallographic unit cell symmetries for “programmable atom equivalents,” including (i) face-
centered cubic (fcc), (ii) body-centered cubic (bcc), (iii) hexagonal close-packed (hep), (iv) 1D
chains, (v) 2D lamella, (vi) simple hexagonal, (vii) simple cubic (sc), (viii) simple hexagonal,
(ix) graphite-type, (x) lattice X, (xi) sc, (xii) fcc, (xiii) bee, (xiv) CsCl, (xv) NaCl, (xvi) AlB,
(xvii) complex fcc cocrystals involving multiple particle shapes, (xviii) body-centered
tetragonal (bct), (xix) diamond, (xx) CraSi, (xxi) CssCeo, (Xxii) ThaPs, (xxiii) NaTl, (xxiv)
MgCuz, (xxv) NaCl, (xxvi) zinc blende, (xxvii) A2Bs, (xxviii) ABa4, (xXxix) ABCi2, (xxx) ABC3
face-type perovskite, (xxxi) ABCz edge-type perovskite, and (xxxii) layered simple hexagonal.
Unary lattices (one nanoparticle core type) are denoted in green, binary (two core types) in blue,
and ternary (three core types) in red. Dark colors (left) signify lattices created using isotropic
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nanoparticle cores, light colors (right) signify lattices synthesized from nanoparticles with
derived directional binding. Adapted with permission,[69:70.74.:86.89.91-
93,100,102,103,111,112,114,115,118,142,143,151,152,166] Copyrlght 2008, 20101 2011’ 2015' 2016, 2017' and

2018, Springer Nature. Copyright 2011, 2013, and 2016, AAAS. Copyright 2008, 2015, 2016,
2017, and 2018, ACS. Copyright 2016, NAS.
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Figure 6. Atomic nucleation and growth behavior is mimicked by “programmable atom
equivalents,” resulting in (A) Time-Temperature-Transformation curves, and (B) well-defined
crystallite habits based on the Wulff construction. All scale bars are 1 pum. Adapted with

permission.[?3149.151-153 Copyright 2013, 2015, and 2018, Springer Nature. Copyright 2016 and
2018, ACS.
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Figure 7. “Programmable atom equivalents” mimic atomic behavior at interfaces enabling (A)
thin film crystallization and preferential grain alignment and (B) epitaxial growth. Adapted with
permission.[*61:1861 Copyright 2013, John Wiley and Sons. Copyright 2017, ACS.
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Figure 8. The strong structural analogies between atomic and “programmable atom equivalent”
crystal formation allows for both atomic systems to provide hypothesis inspiration for colloidal
crystallization and for “programmable atom equivalents” to be used as a proxy system for
atomic crystallization. Adapted with permission.[67168 Copyright 2008, IOP Publishing.
Copyright 2018, ACS.
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Figure 9. (Top) Optical, (middle) electrical, and (bottom) mechanical properties of materials
can be manipulated at both the (left) atomic scale and (right) nanoscale, yielding different
physical phenomena depending on the length scale of the ordering. Adapted with
permission, [209:212.220.225,236] Copyright 2009, 2012, 2013, and 2018, Springer Nature. Copyright
2012, Elsevier. Courtesy of L Paulatto.
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nanoparticle-based crystals by drawing on well-understood atomic crystallization phenomena
to understand and explain particle assembly behavior. This review explores how these
“programmable atom equivalents” are a unique tool to rationally design and synthesize complex
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