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ABSTRACT: Conventional colloidal crystallization techni-
ques typically require low dispersity building blocks in order
to make ordered particle arrays, resulting in a practical
challenge for studying or scaling these materials. Nano-
particles covered in a polymer brush therefore may be
predicted to be challenging building blocks in the formation of
high-quality particle superlattices, as both the nanoparticle
core and polymer brush are independent sources of dispersity
in the system. However, when supramolecular bonding
between complementary functional groups at the ends of
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the polymer chains are used to drive particle assembly, these “nanocomposite tectons” can make high quality superlattices with
polymer dispersities as large as 1.44 and particle diameter relative standard deviations up to 23% without any significant change
to superlattice crystallinity. Here we demonstrate and explain how the flexible and dynamic nature of the polymer chains that
comprise the particle brush allows them to deform to accommodate the irregularities in building block size and shape that arise
from the inherent dispersity of their constituent components. Incorporating “soft” components into nanomaterials design
therefore offers a facile and robust method for maintaining good control over organization when the materials themselves are

imperfect.
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C olloidal crystallization is an effective means of manipulat-
ing material structure at the nanometer length scale, as
chemical interactions between nanoparticle building blocks can
be used to program their assembly into ordered lattices."* A
wide variety of surface ligands have been used to control these
interactions and thereby manipulate particle assembly, where
the most stable phases typically maximize either particle
packing density or the number of favorable interactions
between particles” surface ligands.”* In all of these strategies,
particle size and shape dispersity are regarded as a negative
factor that must be overcome to create well-ordered crystals, as
irregularity in building block shape results in inefficient packing
and limitations to interparticle surface contacts.”™” As a result,
many impressive strategies to minimize dispersity in the
particle assembly process have been developed, including
multiple techniques for the synthesis of monodisperse particles
of different shapes,”'° the use of biopolymer cages to dictate
the directionality of interparticle bond formation,""'* or even
the use of molecularly precise biomacromolecules with
controlled surface functionalization as colloidal building
blocks."*™"> However, all of these methods have limits in the
composition of the particles that can be used and tend to result
in a trade-off between the quality and quantity of the building
blocks that can be made.

In contrast to colloidal crystallization approaches that aim to
use the least disperse building blocks possible, we have recently
reported a new self-assembling particle called the Nano-
composite Tecton (NCT), which uses inherently nonuniform
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synthetic polymers as surface ligands (Figure 1).'° Interest-
ingly, although NCTs have dispersity originating from both
their nanoparticle core and their polymer brush, they can still
form lattices with long-range order. We hypothesize that the
ability of NCTs to spontaneously form crystalline lattices
despite their inherent size and shape inhomogeneity arises
from the ability of the polymer brush to easily deform as a
means of maximizing favorable supramolecular interactions
between particles. Thus, the establishment of appropriate
design and processing strategies could enable these “soft”
building blocks to overcome significant variations in either
particle core size or ligand length.'” ™" Here we explain how
the concept of ligand softness affects the processing pathways
used to obtain NCT-based colloidal crystals, as well as how
these highly deformable surface ligands can mask imperfections
in particle size or shape during assembly.”® Ultimately, this
strategy allows for highly disperse nanoparticle components
(up to 23% variation in particle core diameter) to form
superlattice architectures without any reduction in crystal
quality, well beyond the ~2—10% limit that is typically
required for maximizing the quality of other colloidal crystals.
As a result, NCTs represent a unique building block for
nanomaterial synthesis that has significant potential for making
scalable particle-based materials.
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Figure 1. Nanocomposite Tecton assembly scheme. (a) NCTs
consist of a nanoparticle core, a polymer shell, and a supramolecular
binding group. When complementary NCTs are combined, hydrogen
bonds form between them to drive assembly. (b) Particles containing
a soft, polymeric shell are more tolerant of dispersity, and when
coupled with an enthalpic driving force they can crystallize into well-
organized structures.

The NCTs used in this work consist of gold nanoparticle
(AuNP) cores coated with polystyrene brushes (Figure S1)
that terminate in either diaminopyridine (DAP) or thymine
(Thy) motifs that constitute a complementary hydrogen

bonding pair. When NCTs with complementary supra-
molecular binding groups are combined, multiple hydrogen
bonds form between the particles; these bonding interactions
have been demonstrated to drive the formation of body-
centered cubic (bcc)-?rpe superlattices when the NCTs are
thermally annealed.'® NCTs are amenable to thermal
annealing because the hydrogen bonding interactions are
relatively weak, and heating to mild temperatures (below 80
°C) is therefore sufficient to enable rearrangement. Given the
inherent dispersity in both the particle sizes and shapes
(previous work has demonstrated crystals for particle sizes with
a relative standard deviation (RSD) of 15% and polymers with
D of ~1.1), the ability of NCTs to adopt conformations with
long-range order is somewhat surprising. Understanding and
controlling how these soft, high dispersity polymer shells affect
crystallization therefore requires first determining how crystal
formation is affected by processing pathway, as well as any
upper bound in crystal quality that may be imposed on these
assembled lattices via the use of a nonuniform and deformable
polymer ligand coating.

The simplest potential thermal annealing profile to generate
ordered NCT arrays is to heat and hold the initially amorphous
aggre§ates at a temperature close to their melting temperature
(T,),”" analogous to recrystallization and grain growth
processes in classical atomic systems (Figure 2a).”> When
this thermal annealing profile is used, the NCTs are able to
form an ordered lattice but small-angle X-ray scattering
(SAXS) data indicate that this annealing profile results in
highly polycrystalline samples with small grain sizes ~250 nm
in diameter. The small average size of these grains is not
entirely unexpected, as the dispersity of the polymer brush
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Figure 2. In situ SAXS measurements of NCT crystallization. (a) Temperature profile of NCTs heated from room temperature to their T, and
held there while they crystallize (black trace). Annealing results in a gradual increase in domain size, as estimated by the Scherrer equation, but after
a 30 min treatment the crystal quality is still poor (blue data points). (b) When NCTs are cooled from an elevated temperature, the nucleation and
growth process results in larger crystalline domains. However, further quenching from T, to room temperature causes the formation of additional
amorphous phase aggregates from unassembled NCTs. (c) Cooling the NCTs from an elevated temperature at 4 °C/min results in highly ordered

crystals at all temperatures.
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Figure 3. NCT assembly is not strongly affected by the dispersity of the polymer shell. (a) GPC traces showing the increasingly disperse batches of
polymers used in NCT synthesis. All polymer batches have a number-average molecular weight of 12 kDa, polymer dispersity is controlled by
blending together multiple low dispersity polymers of different molecular weights. (b) The melting temperature of the NCTs (bottom), indicative
of the strength of NCT—NCT association, does not have a strong relationship with polymer dispersity. Additionally, there is no statistically
significant difference in domain size, as estimated by the Scherrer equation (top) for NCTs assembled with polymers of varying dispersity. Error
bars represent standard deviations, n = 3. (c) SAXS diffraction patterns of NCTs assembled with increasingly disperse polymers. The dashed line is

a simulated SAXS diffraction pattern of a bcc crystal structure.

heights and the flexibility of the polymer chains means that the
number of DAP-Thy complexes that can form in a perfectly
ordered state and a kinetically trapped state should be similar.
Because the driving force for assembling NCTs is the
formation of supramolecular complexes, the energy difference
between these two states with similar numbers of hydrogen
bonds would be predicted to be relatively small, reducing the
thermodynamic force for forming large crystallites.

To avoid the formation of the kinetic traps that limit crystal
grain size, an alternate annealing pathway would be to heat the
NCTs until completely melted, then drop the solution to just
below the T, and hold the NCTs in this state until crystal
formation is complete (Figure 2b). This thermal profile should
grow large, high quality crystals because quenching the sample
just below its melting temperature suppresses the number of
nucleation events, resulting in a small number of initial
crystallites that grow to form large grains. Indeed, this
formation pathway is commonly used to generate large atomic
or molecular crystals.”> However, although the initial
aggregates that formed immediately below T, were more
crystalline than the samples heated from room temperature,
quenching from this high T (to 25 °C) resulted in a noticeable
reduction in crystal quality (as indicated by the broader peaks
in the SAXS pattern). This reduction in quality stems from the
fact that NCTs exist in equilibrium between their assembled
and melted state across a large thermal window; this broad
melting transition arises from the multivalent nature of the
bonding interactions between particles (Figure $5).****
Therefore, to give the largest domains, the NCT solution
must be brought into equilibrium at each temperature between
the fully melted and fully aggregated states. Interestingly, when
the NCTs are slowly cooled across this thermal window, the
resulting crystals exhibit a sharper SAXS diffraction pattern
corresponding to larger grain sizes (~400 nm) but these crystal
sizes reach a maximum early in the transition and only become
more numerous instead of larger (Figure S7a). This upper limit
on domain size is likely due to the fact that crystallites of a
given mass can be observed to precipitate out of solution;
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whereas some small amounts of additional growth may occur
due to individual NCTs attaching to these precipitated
structures, grain growth rates are limited compared to the
solution-suspended aggregates. Therefore, at temperatures
within the thermal window between the fully aggregated and
fully melted state there exists an equilibrium between free
NCTs dispersed in solution and precipitated aggregates that
are unlikely to either grow or reorganize, indicating that the
crystallite sizes observed in Figure 2c represent a practical
maximum. This limitation in domain size was confirmed by
controlling the rate of cooling during NCT crystallization. For
cooling rates slower than 8 °C/s, only a slight increase in
crystal quality or domain size was observed as the cooling rate
was decreased (Figure S7). Nevertheless, the kinetic traps
caused by both the dispersity in NCT size and the soft nature
of their bonding interactions can be minimized by using a
solution cooling rate to control the nucleation and growth rates
of crystals in solution within this fundamental limit.

Given that NCT crystallization arises from the formation of
multiple DAP and Thy hydrogen bonds, it therefore could be
hypothesized that altering the dispersity of the polymer brush
height could also affect crystallization by altering the ability of
DAP and Thy groups on adjacent particles to form
supramolecular complexes. Larger variations in polymer
chain lengths across the surface of an NCT would be expected
to decrease crystallinity, as they would effectively alter the
overall shape of each NCT, and therefore the thermodynamic
driving forces for forming ordered arrays. To investigate the
effects of polymer dispersity on NCT crystallization, a series of
DAP-terminated polymers ranging in molecular weight from
10 to 16 kDa, each with D < 1.05, was sgrnthesized by atom
transfer radical polymerization (ATRP).”® P of the NCT
polymer brushes was varied by combining these batches of
low-dispersity polymers in different ratios to obtain polymer
blends where the average polymer length remained constant at
~12 kDa, but the overall values of P varied between 1.05 and
1.44 (a value that might be obtained from an uncontrolled free
radical polymerization).”” We would note that control
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experiments were also performed to ensure that the polymer
grafts on the NCTs possessed the same polymer length
distributions as the polymer stocks used to functionalize each
batch of particles. In other words, the values of D for the
polymer brushes on each NCT were identical to the values of
D of the stock solutions (Figure S2). These samples were then
annealed by slowly cooling them from high temperatures to
obtain the most ordered lattice possible.

Surprisingly, no correlation between polymer dispersity and
crystallinity was observed; all of the samples exhibited
indistinguishable SAXS patterns, indicating that the final
crystal structures were identical in quality. Even NCTs with
a strongly bimodal distribution of polymer lengths showed no
change in their average crystallite domain size, lattice
parameter, or degree of long-range ordering (Figure 3b,c).

Prior theoretical work’® has described polymer brushes
containing chains with varying molecular weight and can
provide an interpretation consistent with the experimental
results presented here. Specifically, the preservation of
crystallinity suggests the NCTs retain an isotropic config-
uration, even when loaded with disperse polymer brushes.
Prior models and experiments suggest that having high and low
molecular weight polymers adjacent to one another is
energetically favorable due to a positive entropy of mixing,
and therefore no phase segregation or patches of different
polymer lengths are expected to occur along the surface of the
particle, although there may be differences in the brush
conformation.”**° More simply, although individual polymer
chains lengths can vary, the average brush height remains
largely isotropic across the surface of the entire particle.

Nevertheless, individual polymer chains may experience
different entropic penalties when confined within an NCT—
NCT bond. When adjacent NCTs form DAP-Thy hydrogen
bonds, the polymer chains engaged in bonding experience a
severe reduction in the number of accessible conformations,
resulting in a large decrease in entropy. When an NCT brush
consists of polymer chains of varying molecular weight, the
magnitude of this change in entropy would be dependent on
polymer length, as shorter polymer chains whose ends are not
already near the surface of the NCT require additional
conformation restriction in order to form hydrogen bonds (i.e.,
shorter chains need to stretch more to reach their NCT
neighbors).

It is therefore surprising that increasing the dispersity of the
polymer brush does not affect the binding strength of the
NCTs, as indicated by their relatively static T, regardless of
polymer dispersity (Figure 3b). However, the prior model
mentioned above suggests that a polymer brush can minimize
its free energy by segregating the chain ends along the brush
height coordinate of the system as a function of polymer
molecular weight.28 In other words, it is energetically
unfavorable for the longer polymers to bury their chain ends
in the interior of the brush, but instead they will on average
have their termini further from the surface of the particle than
the shorter ones. As a result, interactions between the longest
polymer chains on bound NCTs would dominate the
thermodynamics of NCT assembly, explaining the lack of
significant variation in either crystal quality or melting
temperature as a function of brush dispersity.

To further verify this hypothesis, NCT's were coloaded with
a bimodal mixture of varying fractions of long and short
polymer chains. NCTs made with the two different polymers
have a stark difference in T,,, (~10 °C difference between the
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10 and 16 kDa NCTs), meaning that monitoring the T,, of
NCTs consisting of mixtures of these polymer lengths could
potentially indicate which polymer length dictates the strength
of inter-NCT bonding (Figure S6). Interestingly, doping a low
molecular weight polymer brush with longer chains has
different effects on NCT thermodynamics than doping a
high molecular weight brush with shorter polymer chains
(Figure 4a). When shorter polymers are doped into the long-
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Figure 4. Assembling NCTs with bimodal mixtures of long and short
polymer chains reveals the dynamics of the polymer brush. (a)
Polymer chains that are significantly longer than the average brush
height are presented at the periphery of the NCT and are thus always
able to participate in bonding (left). Conversely, polymer chains that
are significantly shorter than the average brush height are buried in
the polymer brush and do not readily participate in interparticle
bonding (right). (b) Increasing the fraction of long polymer chains in
the bimodal distribution (mixtures of 10 and 16 kDa polymers)
decreases the melting temperature of the NCTs. However, when the
fraction of a long polymer surpasses 40%, the melting temperature
plateaus at a value corresponding to the T, of NCTs functionalized
with just the long polymer. This trend suggests the assembly behavior
is dominated by only the longer polymer chains. (c) Despite the lack
of change in T,, above the 40% longer polymer, the interparticle
spacing consistently increases with the growing fraction of long
polymer, signifying the presence of the shorter polymers are still
contributing to the overall height of the brush by altering the free
volume occupied by the longer polymer chains.
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polymer NCTs (right-most data points, Figure 4b), the T,
remains largely unchanged. This lack of change in T, is
consistent with the hypothesis that shorter chains dispersed
among an otherwise high molecular weight brush would be
forced to undergo significant stretching to reach the bonding
plane between NCTs, and the corresponding entropy penalty
associated with this stretching means that it is energetically
unfavorable for them to strongly contribute to NCT assembly.
Thus, the T, remains fairly constant with an increasing
amount of shorter polymers in a majority long-polymer brush.

Alternatively, when longer polymers are added to a low
molecular weight brush, the melting temperature quickly drops
(left-most data points, Figure 4b). The supramolecular binding
groups on these longer chains are close to the exterior of the
NCT, and can readily participate in hydrogen bonding,
regardless of the length of the nearby polymer chains. As a
result, the height of the brush gradually increases with
increasing amounts of longer polymer, as is reflected in the
larger lattice parameter (Figure 4c). The shorter polymers are
forced to incur an entropic stretching penalty to participate in
bonding, resulting in a lowered T,,. As the necessary degree of
stretching increases with a larger fraction of longer polymer,
hydrogen bonds between the shorter polymers no longer
improve the stability of the lattice. Above this point (~40%
long polymer for this system), these longer chains are able to
dominate the assembly process, dictating the thermodynamics
of NCT assembly (indicating the lack of substantial change in
T,, between 40% and 100% long polymer). The observation
that longer polymer chains can encapsulate the shorter ones in
the brush are in agreement with prior experimental work.”!
Therefore, dispersity in polymer molecular weight has a
minimal effect on the overall dimensions of the NCT, as the
brush can stretch and compress to account for local variations
in polymer length.

Although the softness of the polymer brush is observed to
aid in NCT crystal formation despite any inherent
inhomogeneity in polymer chain length, the nanoparticle
core of NCTs is an additional source of dispersity in the NCT
architecture, and unlike the polymer brush it is not capable of
dynamically changing its shape. In colloidal crystals formed
due to entropically driven close packing, small variations in
particle size make the formation of ordered lattices impossible,
even in the case of polymer grafted nanoparticles.*>** In hard-
sphere packing, it has been theoretically calculated and
experimentally shown that the order—disorder transition is
thermodynamically prohibited above a terminal dispersity
between 6 and 11%.°**° Prior work has demonstrated that
adding bonding interactions that drive lattice formation via
enthalpy maximization can enable more disperse building
blocks to form ordered arrays. However, these systems still
have limitations in the amount of dispersity that can be
tolerated. For example, colloids coated with rigid dsDNA
typically only form ordered arrays at particle dispersities of
~10% or less, and only when the length of the DNA ligands is
comparable to the radius of the particles being assembled.*
Other examples have also been demonstrated to create
mesoscale structures from disperse mixtures of nanoparticles
but these typically occur through fractionalization or self-
limiting processes that do not incorporate all particles present
in solution or do not control particle coordination environ-
ment.””** Given the above-demonstrated ability of the NCT
polymer brush to accommodate significant variations in
polymer brush height, it could also be hypothesized that
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NCTs may be able to tolerate greater deviations in particle size
or shape than these previous colloidal crystallization methods.

To confirm this prediction, NCTs were synthesized with
nanoparticle core diameters of 19, 24, and 28 nm, each with a
particle diameter relative standard deviation (RSD) < 11.5%.
The three different sizes were combined in ratios that
maintained an average diameter of 24 nm but varied the
overall distribution of inorganic particle core sizes up to ~23%
(representing a bimodal distribution of 19 and 28 nm spheres,
Figure S3). These samples were annealed by slow cooling
through their melting temperature and analyzed with SAXS.
Astonishingly, all samples with the exception of the 23% RSD
system exhibited crystals of identical quality, and even the 23%
RSD sample exhibited only slight traces of a nonuniform
crystal structure (evidenced by a slight shoulder in the SAXS
pattern at g ~ 0.011) (Figure S). There was also no observed
shift in the average lattice parameter as a function of particle
size dispersity, nor was there any evidence of observable phase
segregation of the smaller or larger particles within a crystal. If
the larger and smaller particles phase segregated into separate
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Figure S. SAXS patterns of NCT assemblies synthesized with varying
nanoparticle core dispersities. Combinations of 19, 24, and 28 nm
AuNPs were used to prepare sets of NCTs where each NCT batch
had an average core diameter of 24 nm but RSDs ranged from 8.8% to
22.8% (inset numbers). After thermal processing, all sets of NCTs
were able to form bcc crystals with almost no discernible change to

crystal quality.
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crystallites, this would be noted by a gradual broadening of the
SAXS peaks with increasing deviation in particle sizes, as well
as a reduced number of observable higher order peaks due to
this broadening. In other words, the final state would consist of
multiple different crystallites with varying lattice parameters
due to the differences in particle core diameters in each
crystallite; this is clearly not observed in the SAXS patterns,
which all exhibit nearly identical peak widths and number of
higher order scattering peaks. Furthermore, the changes in the
scattering patterns’ form factors at higher q (~0.05—0.1)
indicate that the dispersity of the particles within the lattices
correlates with the dispersity of the NCT stock solutions
(Figure S4).>” Finally, the fact that all particles in each sample
precipitated out of solution, combined with the observation
that there was no difference in crystal quality or lattice
parameter at different points within the precipitate also implies
that the RSD in particle size within each lattice is comparable
to the initial RSD of particle sizes in the stock solutions. In
short, the softness of the polymer ligands appears to
completely mask variations in particle size or shape within
the regime studied, meaning that even at 23% RSD (mixtures
of NCTs with 19 and 28 nm average core sizes), the soft
polymer brushes adjusted to allow all particles to form an
average crystal lattice parameter. The degree of deformation of
the polymer brush required to assemble such disperse
nanoparticles (~5 nm) is comparable to the amount of
polymer stretching measured previously (Figure 4c), consistent
with these prior results. It is hypothesized that shorter
polymers would be less capable of deforming and so would
only tolerate smaller variations in nanoparticle core size.

The surprising ability of NCTs to crystallize even with
particle size deviations several times greater than is typically
required by multiple other colloidal assembly methods can be
understood by examining how NCT design differs from these
more commonly studied nanoparticle superlattice building
blocks. Colloidal crystals that assemble through a drying-
mediated process require that each particle be as close to
uniformity as possible, as these crystals do not have a deep
energy minimum and thus variance in particle diameter can
significantly reduce the favorability of packing. This trend can
even be observed even when assembling polymer brush-coated
particles that are soft and capable of deforming to
accommodate deviations in particle size, as the lack of an
enthalpic driving force means that alterations to packing
fraction (and thus entropy) can have a significant destabilizing
effect on assembly. However, because NCT's are assembled via
supramolecular bonding, the enthalpic driving force for NCT
crystallization is much stronger, offsetting some of the entropic
considerations that are affected by particle dispersity. NCT's do
get stuck in kinetic traps as a result of these enthalpic bonding
interactions, but proper thermal processing is effective at
overcoming them. Dispersity is therefore hypothesized to
mostly affect NCTs through geometric obstruction, where
differences in particle size cause such severe lattice strain that
the formation of large crystalline domains becomes unlikely.

The ability to synthesize ordered nanomaterials from highly
disperse building blocks solves a persistent problem in colloidal
self-assembly, as producing uniform nanoparticles is often
impractical at the relevant quantities required to synthesize
bulk solids.*® Additionally, the facile manipulation of the
various structural features of NCTs allows them to provide
insight into how particle crystallization occurs when “soft”
bonds drive the assembly process. Moreover, NCTs are
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potentially amenable to the use of size- and shape-disperse
nanoparticle building blocks that may not form ordered
crystals when using other assembly methods.”*™** NCTs are
therefore a useful platform for understanding colloidal self-
assembly, and their easy processing and resistance to dispersity
make them a valid candidate for the scalable synthesis of
ordered nanomaterials.
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