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ABSTRACT: Assembling superparamagnetic particles into ordered lattices is an attractive means of generating new magnetically
responsive materials, and is commonly achieved by tailoring interparticle interactions as a function of the ligand coating. However,
the inherent linkage between the collective magnetic behavior of particle arrays and the assembly processes used to generate them
complicates efforts to understand and control material synthesis. Here, we use a synergistic combination of a chemical force
(hydrogen bonding) and magnetic dipole coupling to assemble polymer-brush coated superparamagnetic iron oxide nanoparticles,
where the relative strengths of these interactions can be tuned to reinforce one another and stabilize the resulting superlattice phases.
We find that we can precisely control both the dipole—dipole coupling between nanoparticles and the strength of the ligand—ligand
interactions by modifying the interparticle spacing through changes to the polymer spacer between the hydrogen bonding groups
and the nanoparticles’ surface. This results in modulation of the materials’ blocking temperature, as well as the stabilization of a
unique superlattice phase that only exists when magnetic coupling between particles is present. Using magnetic interactions to affect
nanoparticle assembly in conjunction with ligand-mediated interparticle interactions expands the potential for synthesizing
predictable and controllable nanoparticle-based magnetic composites.

uperparamagnetic nanoparticles can serve as building We have recently described the synthesis of a nanoscale
blocks for the synthesis of sophisticated materials, where building block capable of dynamic self-assembly, the nano-
hierarchical ordering of the nanoparticle constituents can composite tecton (NCT) (Figure 1A).*° NCTs consist of
modulate the collective magnetic response of the resulting inorganic nanoparticle cores coated with polymer brushes.
structures.' This tunability results from magnetic dipole Each polymer chain in a brush terminates in a supramolecular
interactions being affected by particle composition, size, binding group, and when NCTs with complementary binding

groups are mixed, these bonding interactions drive NCT
assembly. Previously reported NCT's have predominantly used
diaminopyridine (DAP) and thymine (Thy) groups as the
supramolecular binding pair, where the hydrogen bonds
between DAP and Thy are thermally labile. As a result,
thermal annealing enables reorganization of the assembled
lattices, allowing NCTs to form crystalline architectures that
maximize the number of DAP-Thy interparticle bonds.

In principle, NCTs are an ideal platform for studying the
interplay between chemical bonding and magnetic coupling in
nanoparticle assembly because the composition of the particle,
polymer, and supramolecular binding group components of the

shape, and local environment. Therefore, controlling particle
distribution within an assembled solid is critical for fully
manipulating structure—property relationships in these mag-
netic materials.”™® A strategy for precisely dictating nano-
particle arrangement involves assembling superlattices, where
the particles are driven toward the configuration that
represents a thermodynamic minimum through a mixture of
intermolecular interactions between the nanoparticles’ ligands
and the surrounding solvent.”~ Importantly, because magnetic
dipole—dipole coupling between particles depends on the
particles’ positions relative to one another, these additional

magnetic interactions could potentially alter the particle self- NCT can be easily and orthogonally changed.”! While
assembly pathways.'*”"* In other words, when the dipole— previous NCTs used gold nanoparticle cores (AuNPs), it is
dipole interaction energies and ligand binding energies are also possible to use magnetically responsive nanoparticle
balanced to be of comparable strength, the magnetic force compositions to study how magnetic interactions affect
competes with the chemical forces driving nanoparticle assembly. In this work, NCTs were prepared with both gold
assembly to produce novel structures and structure—property and iron oxide nanoparticle cores functionalized with
relationships."*™'® To achieve a self-assembly system with polystyrene brushes that terminated in DAP and Thy groups;
tailorable chemical and magnetic forces, however, a building the AuNP NCTs served as a nonmagnetic control to isolate
block is needed where each interaction can be independently

tuned. Magnetic coupling can be controlled by using different Received: October 24, 2019

nanoparticle core sizes or changing interparticle spacings, while Published: January 6, 2020

chemical interactions can be dictated by using different
bonding motifs or regulating the degree of multivalency of
the binding groups."
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Figure 1. (A) Nanocomposite tectons (NCTs) consist of a
nanoparticle core, polymer brush, and supramolecular binding groups
that drive assembly. Here, iron oxide (I0) NCTs are functionalized
with polystyrene chains that are modified with a terminal
phosphonate anchor. Assembly is subsequently directed via
complementary hydrogen bonding moieties, but can be strengthened
with magnetic dipole coupling between aligned spins when
interparticle distances are short. (B) Melt profiles of I0-NCTs
containing 16 nm diameter IONPs with 13 kDa polymers and Au-
NCTs containing 15 nm diameter AuNPs with 14 kDa polymers; the
two sets of NCTs show no significant difference in their melt profiles.
(C) The melting profile of 16 nm IO-NCTs coated with 8 kDa
polymers is shifted ~10 °C above that of 15 nm Au-NCTs coated
with 9 kDa polymers. Spikes in the data at high temperature are from
evaporation and condensation of solvent.

the effects of dipole—dipole interactions on particle assembly.
AuNP based NCTs were synthesized according to prior
protocols.”” The iron oxide nanoparticles (IONPs) were
synthesized through the decomposition of an iron oleate
precursor, resulting in 9, 14, 16, or 23 nm diameter magnetite
spheres with relative standard deviations <10% (Figures S1—
S3, Table S1).>> DAP and Thy-terminated polystyrene
polymers of 8 kDa and 13 kDa molecular weight with B <
1.1 (Figure S4, Table S2) were synthesized in the same manner
as reported for prior use in AuNP-based NCTs, but were
instead modified with a phosphonate group at their terminus
to anchor the polymers to the IONPs (further details in the
Supporting Information).”*** TGA measurements indicate the
polymers graft at a similar density to both AuNP and IONP
NCTs (Figure S5), meaning that the number of DAP/Thy
groups on the particles were equivalent. Isolated solutions of
DAP and Thy functionalized IO-NCTs remained stable for at
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least a week, and did not noticeably respond when exposed to
a hand-held magnet at the concentrations used in these
experiments (~100 nM). After mixing DAP and Thy I1O-
NCTs, however, the dark solution became turbid within
seconds, and aggregates became visible within a minute. The
aggregates could be manipulated by a hand-held magnet,
indicating their collective magnetic force could overcome
Brownian motion.

Hydrogen-bonded NCTs can be cycled between assembled
and melted states by changing the solution temperature; this
process was monitored with UV—vis spectroscopy (Figures
$6—57).*° For IO-NCT designs with larger interparticle
spacings or smaller nanoparticle cores (e.g, 16 nm core
diameter, 13 kDa polymer molecular weight), their melting
temperature (T, the melt curve inflection point) was identical
to Au-NCTs with similar design parameters (15 nm core
diameter, 14 kDa polymer molecular weight) (Figure 1B).
However, in systems where the ratio of particle size to
interparticle distance was larger (e.g., 8 kDa polymer on 16 nm
IO-NCTs, 9 kDa polymer on 15 nm Au-NCTs), T,, increased
significantly (Figure 1C). We hypothesize that this added
attractive energy arises from magnetic dipole coupling between
particles and that these magnetic interactions are sensitive to
various nanoscale structural parameters (i.e., interparticle
distance and particle size; see Figure S7 for additional
data)."*'® Dipole—dipole coupling is insufficient to cause
particle aggregation on its own, but can supplement the
supramolecular interactions to further strengthen NCT-NCT
assembly.

Because NCT assembly is governed primarily by supra-
molecular bonding, the two nanoparticle core compositions
should be structurally equivalent when constructing nano-
particle superlattices. To confirm this, IO-NCTs and Au-NCT's
were thermally annealed to drive them to their thermodynami-
cally preferred configurations, which for complementary NCTs
of identical size is a bodgr centered cubic (bec) lattice (Figure 2
red and blue traces).”” This crystalline arrangement is the
thermodynamic product for a range of particle sizes and
polymer len%ths in both the Au-NCT and IO-NCT assemblies
(Figure S8)." Importantly, this also means that an alternating
lattice of Au and IO-NCTs can be assembled if the two NCT
compositions are functionalized with complementary binding
groups (Figure 2, purple traces); this results in lattices
structurally equivalent to CsCl crystals.”

Based on these structural and thermal data, we conclude that
although the iron oxide cores of the NCTs are interchangeable
with Au-NCTs as a structural element of the superlattices,
magnetic coupling between IO-NCT's can affect the strength of
interparticle bonding when IONPs are in close proximity. At
larger interparticle spacings (surface to surface >5 nm), the
interaction energy is best estimated by the Keesom
interaction:*®

2
1 [ m?* ]

3kgT 4;1'/407'3 (1)
where m is the magnetic moment (proportional to particle
size), r is the interparticle distance, and y, is the magnetic
vacuum permeability. When assembled, each NCT is subject to
interactions from neighboring particles, but because the
interaction energy is approximated to change as %, only the
first few nearest neighbors would be expected to contribute to
the total binding energy between neighboring NCTs.

U =
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Figure 2. NCTs can be synthesized with both gold (AuNP) and iron
oxide nanoparticle (IONP) cores. Small angle X-ray scattering
(SAXS) patterns of superlattices assembled with IO-NCTs (bottom),
Au-NCTs (top), and mixtures of Au and IO-NCTs (middle two).
The lattices composed of just IONP or AuNP cores possess bcc
crystal symmetry, while the combinations of IONP and AuNP have
CsCl symmetry. Notably, the interparticle spacings are nearly
identical, demonstrating that the superlattice crystal symmetry and
lattice parameters can be independently controlled from the
nanoparticle core compositions.

Furthermore, polymer ligand length should significantly affect
dipole—dipole coupling strength, as it dictates the surface-to-
surface distance between particles.”” For example, 16 nm 10-
NCTs functionalized with 8 kDa polymer were determined by
SAXS to have a 29.6 nm interparticle spacing; eq 1 predicts
that this interparticle distance should result in a dipole energy
of ~5.2 kzT. When the polymer molecular weight is increased
to 13 kDa (38.5 nm interparticle spacing), the calculated
interaction energy is 1.1 kgT. It is important to note that these
magnetic dipole interaction energies are significantly weaker
than a singgle DAP-Thy hydrogen bonding pair (12.8 kT in
toluene),"” but significant enough to contribute to assembly in
conjunction with the supramolecular bonding.

The existence of enhanced dipole—dipole coupling for
NCTs with smaller interparticle spacings can be further
confirmed using zero field cooled/field cooled (ZFC/FC)
measurements to determine the NCT assemblies’ blocking
temperatures (T,), the temperature at which unaligned
magnetic spins orient to an applied magnetic field (Figure 3,
Figure S10; see Figure S11 for hysteresis measurements).
Dipole—dipole interactions are known to increase T}, and
broaden the temperature window of this transition.”* To
best determine T}, the derivative of the difference between the
ZFC and FC curves was taken for both the 8 kDa and 13 kDa
linked nanoparticle assemblies mentioned above (Figure 3).%°
The peak, signifying T, increased by ~11 K when the shorter
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Figure 3. Blocking temperature (T},) determination for IO-NCT
assemblies with 8 kDa and 13 kDa polymer shells. Ty, is identified as
the peak of the derivative of the difference between the zero field
cooled (ZFC) and field cooled (FC) curves (see Figure S10 for
experimental data). Upon shortening the polymer length, the Ty
increases and the transition range broadens, indicating an increase in
dipole—dipole interactions.

polymer was used, and the transition significantly broadened,
confirming an enhancement in dipole—dipole interactions.

The observed increases in T,, and T}, are consistent with the
notion that shortening the interparticle distance between IO-
NCTs allows the magnetic polarization of each particle to
interact and increase the interparticle attraction. Adding
magnetic coupling therefore contributes another design
parameter for controlling nanoparticle assembly, and con-
sequently it may be possible to stabilize particle systems that
otherwise may not crystallize. Indeed, IO-NCTs synthesized
with the shorter Thy-terminated polymer ligand formed face
centered cubic (fcc) lattices when prepared in the absence of
DAP-NCTs, the first time this phase has been demonstrated in
the NCT system. While Thy-Thy interactions can be stabilized
by hydrogen bonding,>" these interactions are too weak on
their own to cause the Thy-coated NCTs to assemble into
stable lattices. Accordingly, Au-NCTs functionalized with short
Thy polymers (9 kDa) exhibit only a slight scattering peak
(Figure 4, red data). However, the well-defined fcc crystals
formed by IO-NCTs imply that an additional magnetic
attractive force must be present (Figure 4, blue data).**
Consistent with this observation, no assembly occurs between
IO-NCTs functionalized with longer Thy-terminated polymers
(Figure S9).

We have demonstrated that the NCT design concept is
easily adapted to magnetic nanoparticles, making NCTs a
powerful platform for designing magnetic nanocomposites.
NCTs can be appropriately designed to either mask the
identity of the core composition or take advantage of any
inherent interparticle interactions, with some limitations based
on nanoparticle size and interparticle spacings. Due to the
complex sets of interactions governing self-assembly in these
magnetic NCTs, magnetic dipole coupling between nano-
particles can reinforce the supramolecular interactions that
drive the formation of superlattices. These synergistic
interactions can even stabilize previously unachievable
crystallographic symmetries. Consequently, NCTs can further
clarify the interactions of nanoscale materials and how the
competition between forces affects self-assembly. Furthermore,
the ability to engineer the magnetic coupling of nanoparticles
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Figure 4. 15 nm Au-NCTs functionalized with ~9 kDa Thy-
terminated polymers exhibit a slight peak at q = 0.023 A~ indicating
only minor amounts of random aggregation. Conversely, 16 nm IO-
NCTs functionalized with ~8 kDa Thy-terminated polymers show
the sharp and clear scatting pattern of a face centered cubic (fcc)
superlattice.

is a promising strategy to developing materials with complex
metamaterial properties.
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