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ABSTRACT: In supramolecular materials, multiple weak binding g
groups can act as a single collective unit when confined to a localized
volume, thereby producing strong but dynamic bonds between
material building blocks. This principle of multivalency provides a
versatile means of controlling material assembly, as both the number
and the type of supramolecular moieties become design handles to ’
modulate the strength of intermolecular interactions. However, in
o

materials with building blocks significantly larger than individual
supramolecular moieties (e.g., polymer or nanoparticle scaffolds), the
degree of multivalency is difficult to predict or control, as sufficiently
large scaffolds inherently preclude separated supramolecular moieties
from interacting. Because molecular models commonly used to
examine supramolecular interactions are intrinsically unable to
examine any trends or emergent behaviors that arise due to nanoscale scaffold geometry, our understanding of the thermodynamics
of these massively multivalent systems remains limited. Here we address this challenge via the coassembly of polymer-grafted
nanoparticles and multivalent polymers, systematically examining how multivalent scaffold size, shape, and spacing affect their
collective thermodynamics. Investigating the interplay of polymer structure and supramolecular group stoichiometry reveals
complicated but rationally describable trends that demonstrate how the supramolecular scaffold design can modulate the strength of
multivalent interactions. This approach to self-assembled supramolecular materials thus allows for the manipulation of polymer—
nanoparticle composites with controlled thermal stability, nanoparticle organization, and tailored meso- to microscopic structures.
The sophisticated control of multivalent thermodynamics through precise modulation of the nanoscale scaffold geometry represents
a significant advance in the ability to rationally design complex hierarchically structured materials via self-assembly.

B INTRODUCTION organized supramolecular interactions."®™*’ Indeed, once a
multivalent scaffold becomes sufficiently massive, a new design
parameter emerges that cannot be examined with molecular
models—the relative locations of the supramolecular binding
groups across the scaffold.”*™*’ Because supramolecular
moieties must be in close proximity to bond, the positions of
individual groups affect how readily they can interact with one
another, and therefore this geometric parameter can
significantly affect multivalency. Early investigations into both
multivalent polymer- and nanoparticle-based building blocks
have measured phenomena that are controlled by (or
inherently arise from) nanoscale scaffold geometry and bond
flexibility, including multivalent bond strengths that increase

Multivalent supramolecular interactions are commonly em-
ployed in the synthesis of complex materials, as they provide
precision and versatility in the bonding interactions that
govern material organization.'™ Tethering multiple weak
supramolecular binding groups to common scaffold results in
collective bonding interactions that are strong and permanent,
even though individual supramolecular bonds remain dynam-
ic.”” The strength and specificity of multivalent bonds can
therefore be tuned by changing the composition and number
of constituent supramolecular interactions.”’ Significant
advancement in materials design and supramolecular chemistry
has emerged from fundamental studies of multivalent
thermodynamics in molecular model systems, permitting the
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individual binding groups, and thus their multivalent behaviors
are potentially governed by a more complex system of
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asynchronously with increasing scaffold size, anisotropic or
self-limiting growth of particle assemblies, and even entropy-
driven reorganization of a scaffold’s shape.'®*°”* These
examples demonstrate the importance of considering supra-
molecular chemistry from a hierarchical, “systems” approach
where both the molecular and nanoscale geometries become
1nterdipendent factors affecting structure—property relation-
ships.”® Despite the importance of nanoscale geometry in
dictating multivalent thermodynamics, this design parameter is
challenging to analyze, as the emergent behaviors it induces in
supramolecular systems cannot be fully understood simply by
summing the effects of multiple individual molecular
contributions. Therefore, better understanding and control of
thermodynamic behaviors within these massively multivalent
systems promises exciting opportunities for materials design
but requires efforts to develop fundamental principles that
apply to a range of polymer and nanoparticle systems.

Here, we present a multivalent system in which the
thermodynamics of supramolecular assembly can be rationally
controlled as a function of the nanoscale geometry of their
interactions. Specifically, the multivalent interface between
nanoparticle building blocks is mediated by macromolecular
binders such that polymer size, shape, and functional group
density act as design handles to organize the distribution of
supramolecular binding groups. We show that this “brick and
mortar” strategy”> > enables fundamental understanding of
supramolecular thermodynamics in massively multivalent
systems, permits assembly and tuning of single-crystal
nanoparticle superlattices, and facilitates coalescence of
multiple crystallites via paracrystalline distortion coordinated
by supramolecular groups across micron-scale interfaces. These
results demonstrate a “systems materials science” approach to
supramolecular materials synthesis, where design parameters at
the molecular, nano-, and microscales are interdependent
handles to control the thermodynamics, hierarchical structures,
and assembly behaviors of complex supramolecular systems.

B RESULTS AND DISCUSSION

We have recently developed a suite of synthetically addressable
building blocks termed “Nanocomposite Tectons” (NCTs)
that use multivalent supramolecular interactions to enable the
synthesis of hierarchical materials.**~* NCTs consist of
inorganic nanoparticles coated with 100s or 1000s of polymer
brushes, where each polymer chain is tipped with one-half of a
binary supramolecular pair. When solutions of NCTs with
complementary binding groups are mixed and thermally
annealed, the particles are assembled into ordered super-
lattices. The size and composition of polymer and nanoparticle
components, as well as the number of supramolecular binding
groups per NCT, can be easily adjusted to tune the strength of
the multivalent NCT—NCT bonds.

However, despite each particle containing ~1000 supra-
molecular recognition groups, the enthalpy of multivalent
NCT—-NCT bonds is generally only ~10 to 20 times greater
than that of an individual supramolecular complex. This
observation is a strong indication that massively multivalent
NCT scaffolds cannot be understood as linear summations of
their constituent molecular components. Prior work attributed
this capping of multivalent enthalpy to the “bundling” of
supramolecular groups within NCT—NCT connections
constraining bond exchange such that each NCT-NCT
interface was not a single multivalent system, but rather a
collection of multiple discrete multivalent binding units.'® That

is, even though the interface between two NCT's might contain
100s of supramolecular binding groups, individual groups can
only form thermodynamically favored connections with the
complementary groups in their immediate vicinity (i.e., a local
“bundle”). Experimental measurement and simulation showed
that factors such as nanoparticle core size, polymer length, and
polymer grafting density affected how supramolecular groups
self-organized at the nanoscale interface between bonded
NCTs and that this in turn could be used to control the
crystallographic symmetry of assembled NCT superlattices.
Despite the profound impact of bundling on NCT assembly,
it is difficult to see how the multivalency number of an NCT—
NCT bond could be intentionally controlled or how
generalizable design principles could be developed to predict
thermodynamic properties over a broader range of polyvalent
nanoscale systems. We hypothesize that these goals can be
achieved using polymer binders to directly mediate multivalent
binding between NCT particles. Rather than combining
complementary NCT pairs, polymer binders permit a “brick
and mortar” approach to multivalent assembly, where the
multivalency number is directly controlled by adjusting
polymer binder design (e.g, polymer molecular weights,
recognition group densities, and backbone architectures)
(Figure 1). This allows for a more modular and synthetically
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Figure 1. Composition of polymer—NCTs. (a) Scanning electron
microscopy (SEM) image of a polymer—NCT crystal assembled with
DAP—-THY recognition complexes, schematically depicted at the
right. (b) Chemical structures and associated depictions of THY—
NCTs and DAP functionalized polymers used for assembly. All gold
nanoparticle cores are ~18 nm in diameter.

addressable approach to material assembly that provides
insight into multivalent thermodynamics for a broad range of
multivalent scaffolds.

The polymer binders used here include linear polystyrenes
(LPS) and brush polystyrenes (BPS) modified with
diaminopyridine (DAP) groups; these polymers and their
nomenclature are listed in Table 1. To better enable
comparison between systems, polymers were prepared with
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Table 1. Characteristics of the Polymers Used in This Study
polymer M, (kDa) ) DAP, (THY,) ‘f\“/ 0{}
LPS-12 50.0 1.14 12
LPS-8%* 0.0 1.14 8
X LPS-4 LPS-8 LPS-8* LPS-12

LPS-8 359 1.15 8 a

LPS-4 182 1.08 4 1

BPS-25 1123 1.60 25

BPS-12 512 1.53 12

NCT-THY 9.1 1.04 (~800)"

“M, of PS graft on NCT particles. *Number of THY groups per
particle estimated from the prior literature.*®

similar recognition group density (1 DAP group per ~4.0 to
4.5 kDa polymer), except when treating DAP group density as
a variable, in which case the system is marked with an asterisk
(e.g, LPS-8%).

DAP-modified polymers were added to thymine-modified
NCT particles (THY—NCT, 18 nm gold nanoparticle cores;
Figure 1b) in anisole, readily inducing aggregation via
hydrogen bond formation. Samples were initially prepared by
adjusting the concentration of THY—-NCTs and DAP-—
polymers such that the total number of polymer-bound DAP
groups and particle-bound THY groups in the system were
equal. The thermal stability and structure of the assemblies
were investigated through variable temperature UV-—vis
spectroscopy (Figure 2). As the temperature increased,
dissociation of NCT crystallites resulted in increasing
absorbance at 520 nm from unbound particles, which exhibit
a strong blue-shifted plasmonic response compared with
assembled particles.’®

For polymer systems at a fixed grafting density of DAP
groups, increasing polymer binder length (and hence the
number of DAP groups per chain) led to greater thermal
stability of the polymer—NCT assemblies, even though each
system contained the same total number of DAP and THY
groups (Figure 2a). Furthermore, assemblies made with the
lower-grafting density LPS-8* had a melting temperature
below LPS-12 despite having the same polymer backbone with
tewer DAP groups to bind per chain. These results indicate
that multivalent binding strength is not a summation of
individual bonds but rather suggests a complex role for the
topology of the multivalent scaffold in determining the
collective thermodynamics of binding.

Multivalency Number and Polymer Architecture. To
more quantitatively examine how scaffold design affects
supramolecular multivalency in these systems, van’'t Hoff
plots were used to determine the enthalpy (AHycr) and
entropy (ASycr) of polymer—NCT assemblies (see Support-
ing Information for details of these calculations). Normalizing
AHycr by the enthalpy of a single complex (AHpap_tuy)
allows for the calculation of the multivalency number, N (eq

1).

_ AHycr
AHpap_tHy (1)

By definition, the multivalency number N is the number of
supramolecular bonds that act as a collective unit.** Prior work
theorized that N directly correlates to the number of
supramolecular groups in a “bundle”, representing the
maximum number of supramolecular groups able to be
localized in a small volume.'® In the “brick and mortar”
assembly system used here, we hypothesized that polymer
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Figure 2. Thermodynamic stability of polymer—NCT crystals. (a, b)
Absorbance measurements of colloidal polymer—NCT solutions as a
function of temperature for (a) linear and (b) brush polymer binders.

binders (which constrain the distribution of DAP groups along
the polymer backbone) would act as bundling agents that
define the volume within which bond exchange can freely
occur. Thus, polymer binder design could directly control both
N and the entropic penalty paid upon binding, thereby
dictating the thermodynamic behavior. While this bundling
effect is conceptually similar to sticker aggregation observed in
supramolecular polymer systems, the thermodynamic stability
of a bundle in this system is not being altered by the formation
of nanophase-separated domains, but rather the reassociation
and exchange of transient bonds within a localized volume.****
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Figure 3. Multivalent behaviors of polymer—NCTs. (a) Linear polymer—NCTs were found to possess multivalency numbers (N) corresponding to
the number of recognition groups per polymer chain. Representative bundles (effective exchange volumes) are depicted with dashed red outlines.
(b) Brush polymer—NCTs displayed N values lower than the number of recognition groups per polymer chain. Representative bundles (effective
exchange volumes) are depicted with dashed red outlines. (c¢) Combining the measured entropic loss of binding with a modeled combinatorial
entropy, both normalized by effective valency, revealed the degree to which multivalency contributes to the total entropic efficiency for each system.

The simplest comparison of polymer binders’ effects on
multivalency is between linear polymer systems LPS-4, LPS-8,
and LPS-12 (Figure 3a). These systems used the same THY—
NCTs, contained the same total number of DAP groups, and
kept the ratio of DAP groups to polymer mass constant, such
that the only differences were the length of polymer chains and
the number of DAP groups per polymer. In these assemblies, a
direct correlation between the multivalency number N and the
number of DAP recognition sites per chain was observed (i.e.,
N ~ 4/8/12 for LPS-4/8/12, respectively).

In contrast, the relatively constrained brush polymer systems
exhibit multivalency numbers lower than the number of DAP
groups per polymer (Figure 3b). This indicates that either
brush polymers are unable to adopt conformations that permit
all DAPs to be simultaneously bound or that DAP groups are
unable to act coordinatively across the entire length of a brush
polymer. We hypothesize that the difference in multivalency
trends for LPS and BPS systems is related to their nanoscale
topology.”® Linear polymers adopt globular conformations

with large degrees of configurational freedom, enabling each
DAP group along a polymer’s backbone to freely exchange
with available THY groups at the NCT—NCT interface.
Conversely, the steric bulk of the macromolecular brushes
limits the segmental motion and restricts their conformation
space. Prior work has shown that chain ends can become too
separated to readily exchange in larger bottlebrush polymer
architectures,” and this inability for end groups at distant
points on the bottlebrush polymer to colocalize could explain
why the multivalency number of BPS binders was lower than
the total number of DAP groups per bottlebrush. Thus, larger
brush polymer binders may contribute to more than one
multivalent bundle on average.

To explain why BPS binders exhibit relatively higher melting
temperatures than LPS binders, despite lower multivalency
numbers (and hence lower AHycr), the binding entropy of
the multivalent systems must be considered. Unlike enthalpy,
however, ASycr cannot be accurately represented by a linear

https://doi.org/10.1021/jacs.4c02617
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sum of individual bond contributions, as it exhibits a more
complicated relationship to the multivalent binder structure.

We hypothesize two primary entropic contributions within a
bundle, both controllable by the polymer binder design. The
first is a conformational entropy penalty that is paid when DAP
and THY groups bind, arising from the restricted motion of
the attached polymer chains. This entropic penalty from
reduced polymer conformations is counterbalanced by an
entropic gain unique to multivalent systems, stemming from
the combinatorial nature of multivalent interactions.*
Specifically, because each polymer and NCT scaffold possesses
many DAP or THY groups that can freely exchange, there are
multiple possible pairwise configurations of supramolecular
groups within a multivalent bundle. Sometimes described as an
“avidity entropy”, this combinatorial component has a
degeneracy which increases with the multivalency number N
and scales according to eq 2.*

nlm!
T (n =) (m — )il @)

Here, n is the number of DAP groups in a bundle, m is the
number of THY units available to bind, and i is the number of
bound pairs. In the simplifying but representative case where n
=m =i (all sites are matched and bound) and the entropy is
taken as AS = RIn(), the combinatorial entropy can be
calculated as

Q

ASComb = RIH(N') (3)

Calculating ASc,,, makes it possible to determine the
monovalent entropy loss in forming a single DAP—THY
complex in the system, which we take to represent the
conformational entropy of binding (ASc,ye):

AS — AS
Asconf — NCT ~ Comb (4)

The observed valency adjusted entropy to bind ASpap_thy
(Figure 3¢, purple data) is a summation of the conformational
entropy penalty and the combinatorial entropy benefit.
Because these two effects counterbalance one another, it is
helpful to consider how trends in multivalency (reflected in
AS¢,.,) and backbone architecture (reflected in ASpap_tpy)
affect the overall system behavior as the multivalent scaffold
design is altered. For example, systems with the same density
of DAP groups (LPS-4, LPS-8, and LPS-12) exhibit conforma-
tional entropies that are largely equal (Figure 3¢, dashed blue
boxes). This parity in conformational penalty, likely aided by
differences in particle separation (h) as determined by small-
angle X-ray scattering (SAXS, Figure S8), suggests that
variation in entropic efficiency can be entirely attributed to
differences in multivalency between these systems. Conversely,
LPS-8* and LPS-12 have comparable observed entropy values,
but the lower conformational entropy penalty of LPS-8*
indicates that entropic efficiency arises from this lower density
scaffold being pinned by fewer DAP—THY binding events,
giving it greater conformational freedom. Similarly, while BPS
systems have stunted multivalency numbers compared to LPS-
12 (and thus lower combinatorial entropy), their overall
binding strength remained high because their conformational
entropy to bind was, as expected, low compared to LPS
systems.

These findings provide multiple handles for material
designers to engineer the thermodynamics of massive multi-

valent assemblies. The conformational entropy can be
modified via functional group density and backbone
architecture, while the combinatorial entropy (as dictated
through the multivalency number) can be adjusted via the
number and configurational freedom of supramolecular groups
on a chain. These handles show complex but rationally
describable behavioral trends explained by the capacity of
polymer binders to form nanoscale bundles. Thus, a systems
level approach to materials design that considers the
distribution of supramolecular units at multiple length scales
(and how this distribution is affected by the size and shape of
the scaffold) can be exploited to alter assembly thermody-
namics in a sophisticated manner.

Role of Stoichiometry in Polymer—NCT Assembly.
The investigations above compared systems where the total
number of DAP and THY groups in each assembly was kept
equivalent, but further control of multivalent thermodynamics
can be achieved via off-stoichiometric combinations. The
effects of changing assembly stoichiometry are not necessarily
obvious, however, as the complexity of bundling behaviors can
give rise to highly local stoichiometric deviations. To evaluate
these potential effects, combinations with a range of
polymer:NCT stoichiometries were prepared, from DAP—
polymer deficient (DAP:THY = 0.1) to DAP—polymer
abundant (DAP:THY = 20).

For all systems, increasing the amount of polymer binder
(ie, increasing total DAP:THY ratio) increased thermal
stability (Figure 4). This suggests that multivalent polymer
binders, unlike small molecules, do not exert significant
competitive binding pressure.” It is also notable that this
stoichiometry-dependent behavior is not exhibited with direct
NCT-NCT systems (Figure 4c). We hypothesize that these
stoichiometric effects arise because of the intermediate size of
the polymer binders in this “brick and mortar” design. On one
hand, the polymer binders are larger and sterically hindered
compared to small molecules and thus tend to not compete
with one another due to excluded volume effects. However,
they are far smaller than NCTs and free to diffuse across
NCT-NCT interfaces, thereby permitting greater clustering of
recognition groups (i.e, larger bundles of supramolecular
bonds) or reduced entropic penalties to form similar sized
groupings.

Greater mechanistic clarity of bundling behaviors was
provided through van’t Hoft analysis to determine multivalency
numbers and entropic efficiencies, and through SAXS to
examine changes in interparticle distances (Figures S and S9).
For LPS systems, increasing DAP:THY stoichiometry
decreased the valency adjusted entropic penalty to bind
(ASycr/N), while the multivalency number plateaued and
interparticle spacing remained consistent (Figure Sa). Con-
versely, increasing the DAP:THY ratio in BPS systems
continuously increased both lattice spacing and multivalency
across the entire range of stoichiometries tested, with mirrored
decreases in ASycr/N (Figure Sb). Thus, even though both
the linear and brush polymer binders exhibited positive
correlations between melting temperatures and amount of
binder added, these differences indicate that the mechanisms
behind those increases must be distinct.

Linear polymers naturally adopt coiled conformations, and
thus should have their largest recognition group density near
their center (Figure 52).* We therefore hypothesize that for
linear binders, cooperative bundling between DAP groups on
separate chains is effectively prevented by steric hindrance, and
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Figure 4. Thermal properties of polymer—NCTs with varying
stoichiometry. (a, b) Melt curves of (a) linear and (b) brush
polymer—NCTs showing increasing thermal stability as a function of
the DAP:THY ratio. (c) Melt curves of particle-NCTs showing no
dependence on concentration. (d) Melt curves of LPS-8* with the
varying DAP:THY ratio showing saturation of thermal stability
increases with an additional polymer binder.

thus improvements in entropic efficiency with increasing
scaffold concentrations are driven by reduced conformational
entropy penalties. Brush polymers, however, tend to have
recognition groups positioned at the outer edges of their
occupied volume because of crowding effects arising from the
brush architecture (Figure 5b).*” This structure can facilitate
cooperative bundling between separate chains, meaning that
increasing the concentration of BPS binders at the NCT—
NCT interface could facilitate bundles that share DAP groups
with adjacent bottlebrushes. These multibinder bundles would
increase multivalency and hence improve entropic efliciency
via higher combinatorial entropy gains. This hypothesis is

- 100
¥
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2z
eeesBPS-12 =—— BPS-25 2
80
10 20
DAP:THY

Stability from increased multivalency

Figure S. Thermodynamic analysis of polymer—NCTs varying
stoichiometry. (a, b) Multivalency number (red) and valency
normalized entropic costs (blue) of (a) linear and (b) brush
polymer—NCT binding as a function of DAP:THY ratio with
visualizations of recognition group probability density (Pg). The inner
vs outer concentrations of recognition groups on linear and brush
polymers, respectively, help explain the specific mechanisms by which
each system increases thermal stability with increasing polymer
presence.

supported by the values of N in the BPS-12 system, which go
well above 12 (the number of DAP groups on a single BPS-12
polymer). These results highlight how the interplay of
organizational constraints on supramolecular groups across
both nanoscale scaffolds and mesoscale interfaces can affect
assembly behaviors, further emphasizing the need for a
systems-level understanding of supramolecular thermodynam-
ics in massively multivalent building blocks.

Meso-to-Micro Scale Morphology Control. The
relationship between NCT assemblies’ melting temperatures
and the architecture of polymer scaffolds clearly demonstrates
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Figure 6. Morphological control in polymer—NCTs. (a—c) SEM images of crystallites formed from (a) BCC NCTs, made by directly combining
DAP—NCT and THY—NCT particles, showing faceted Wulff-polyhedra, (b) polymer—NCTs made from LPS-12 at DAP:THY = 1, and (c)
polymer NCTs made from LPS-12 at DAP:THY = 20. (d) Focused ion beam (FIB) milled cross sections showing polycrystalline grains (left) and
paracrystalline distortion (right) between coalesced crystallites (dotted red lines in insets are a visual aid and do not necessarily represent
crystallographic planes). (e) Diagram of LPS-12 polymer—NCT systems at DAP:THY = 1 and 10 responding to shear showing how excess polymer

binder can facilitate slippage between NCTs.

that the nanoscale structure of a multivalent system can
influence its thermodynamic behavior. While some indication
was provided that it can also influence hierarchical organization
(i.e., the changes in the NCT—NCT bond distance), it is
important to demonstrate that these principles can also be
used to manipulate the structure and behavior of the
supramolecular system as a whole. Here, we demonstrate
how multivalent polymer binders can alter the assembly and
processing conditions of NCTs, thereby manipulating the
meso- to microscale structural features of NCT-based
superlattices.

Prior work on NCT assemblies using binary pairs of particles
functionalized with either DAP or THY groups produced
single-crystalline BCC superlattices when thermally annealed
(Figure 6a).***' The “brick and mortar” assembly strategy
used here also produces high-quality NCT crystals. However,
the crystallites exhibit FCC unit cells and typically do not have
clear surface faceting as confirmed both in solution with SAXS,

and by SEM after solvent removal (Figures S9 and 6b
respectively). FCC structures are expected based on the results
of comparable particle assemblies.”” More specifically, when
NCT-NCT bonding is mediated by a molecular species
significantly smaller than an individual NCT, the assembly
proceeds as if the particles are self-complementary, which
tends to favor denser FCC packing. Additionally, prior work on
colloidal superlattices showed that the lack of faceting in FCC
structures occurs because the relative energies of different
surface facets are too similar for any one facet to be the
predominant product.”® While this lack of surface faceting in
FCC crystallites is unsurprising, these assemblies do possess
unexpected microstructural features. Specifically, NCTs
assembled with polymer binders tended to form connected
collections of crystallites that indicate much more extensive
crystallite-crystallite coalescence than observed in previous
NCT superlattices (Figures 6b and S10). Importantly, the
characteristic size of these crystals was sensitive to the
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DAP:THY ratio. Crystallites formed in DAP:THY = 1
polymer—NCT systems were ~0.8 ym in diameter (similar
to particle-NCTs), while greater DAP:THY ratios produced
crystallites that reached 10s—100s of micrometers in diameter
(Figures 6¢ and S10). Focused ion-beam (FIB) cross sections
of larger assemblies show long-range polycrystalline order with
distinct grains and various orientations (Figure 6d, left),
suggesting that the polymer-binder approach to NCT assembly
promoted crystallite coalescence more than direct NCT-NCT
binding.

We hypothesize that crystal—crystal fusion is enabled by the
“brick and mortar” style of assembly because the more mobile
polymer binders help facilitate the interfacial reorganization
necessary to fuse crystallites without incurring a large entropic
penalty from NCT brush distortion. This hypothesis is further
supported by the presence of cross sections showing grains that
lack clearly defined boundaries, instead showing waves of
paracrystalline distortion, where the crystallographic planes
shift direction in a continuous manner to accommodate the
strain of lattice mismatch (Figure 6d, right). Notably, these
distortions are not commonly observed in polycrystalline NCT
assemblies formed by direct NCT—NCT bonding fused via
extended centrifugation. This is because these distortions
necessitate significant stretching or compression of the
multivalent NCT brush scaffold, incurring a large entropy
penalty. However, we hypothesize that excess polymer binders
facilitate the reorganization of polymer—NCT assemblies as
particles can easily slip past each other by exchanging
supramolecular pairings to new binders (Figure 6e). Thus,
the NCT superlattices rearrange into continuous solids to
maximize the enthalpy of supramolecular binding without
incurring a significant entropic penalty. This polymer-enabled
consolidation therefore demonstrates how the scaffold
structure in a multivalent system can tune structural features
across mesoscale (paracrystalline distortion of crystal grains)
and microscale (formation of large polycrystals) size regimes.
Thus, in addition to rationally altering the thermodynamics of
supramolecular binding, controlling the multivalent behavior of
these systems can also enhance processability to permit control
over hierarchical structure in these supramolecular materials.

B CONCLUSIONS

Just as supramolecular chemistry provides a sort of “molecular
masonry” by which structure can be programmed as a function
of chemical interactions, massively multivalent building blocks
can extend this programming to nano-, meso-, and microscale
features by using a “brick and mortar” approach. We
demonstrated this concept by using multivalent polymers to
mediate emergent nanoscale bundling phenomena, thereby
permitting control over the formation of larger structural
features. The more sophisticated understanding of multivalent
behaviors at nanoscale interfaces represents a significant
advance toward the rational design of complex hierarchical
materials. While this work focuses on the thermodynamics of
assembly in synthetic model systems, it also has implications
for fields which explore hierarchical organization in complex
natural systems, such as catalysis, interface science, and
biological inhibition.””*"** We predict that further inves-
tigation using the design principles outlined here will utilize the
architecture and composition of multivalent nanoscale
scaffolds to further dictate exchange volumes and provide
stimuli-responsive control of bundling behaviors. Such
dynamic control of multivalency, especially when paired with

in situ characterization of polymer behaviors, will enable novel
assembly pathways, triggered reorganization of interfaces, and
stabilized materials able to be processed into high-quality
devices with nano-to-macroscale control of hierarchical
structure.
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