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Reversible supracolloidal self-assembly of cobalt nanoparticles
to hollow capsids and their superstructures

Nonappa®®’, Johannes. S. Haataja®, Jaakko. V. I. Timonen[®, Sami Malola, Peter Engelhardt!®<,
Nikolay Houbenov?®, Manu Lahtinen!®, Hannu Hakkinen™", and Olli Ikkala®"

Abstract: There exists a growing need to master colloidal self-
assembly towards ever more complex structures. Here we present a
simple concept for synthesis and spontaneous, reversible
supracolloidal hydrogen bond-driven self-assembly of cobalt
nanoparticles (CoNPs) into hollow shell-like capsids and their directed
assembly to higher order superstructures. CoNPs and capsids form in
one step upon mixing dicobalt octacarbonyl (Co2CQOs) and p-
aminobenzoic acid (pABA) in 1,2-dichlorobenzene using heating-up
synthesis without additional catalysts or stabilizers. This leads to
pABA capped CoNPs (core ~5 nm) with a narrow size distribution.
They spontaneously assemble into tunable spherical capsids (d~50-
200 nm) with a few-layered shells, as driven by inter-nanoparticle
hydrogen bonds via the carboxylic acid dimerization of the ligands.
The capsids can be reversibly disassembled and reassembled by
controlling the hydrogen bonds upon heating or solvent exchanges.
The superparamagnetic nature of CoNPs allows magnetic field
directed self-assembly of capsids to capsid chains. A sublety exists,
as they remain stable even after removing the magnetic field due to
an interplay of induced dipoles and inter-capsid hydrogen bonds.
Finally, interfacial self-assembly by placing the capsids on water-air
interface furnishes lightweight colloidal framework films. The
presented spontaneous and reversible self-assembly of nanometer
scale structural units (CoNPs) into shell-like units as driven by
hydrogen bonds without ampbhiphilicity suggests the denotion as
capsids. The synthetic colloidal capsids encourage towards new
approaches and functions in encapsulation and confinement.

In material science, there is a growing need towards ever more
advanced and hierarchical assemblies of colloids and
nanoparticles.[" Colloidal self-assembly is more difficult to master
than the molecular self-assembly due to challenges in controlling
the polydispersities, directionalities, and aggregations.”! Still,
several types of colloidal self-assemblies have been recently
demonstrated using inorganic and organic structural units.!"-20!
More specifically, related to colloidal self-assembly towards
hollow structures, viral capsids provide inspiration via the
hydrogen bond-driven reversible self-assembly of shape-

[a] Prof. O. Ikkala, Dr. Nonappa, Prof. J. V. Timonen, M.Sc. J. S.
Haataja
Department of Applied Physics, Aalto University School of Science
Puumiehenkuja 2, Espoo, FI-02150, Finland
E-mail: olli.ikkala@aalto.fi, nonappa@aalto.fi

[b] Prof. H. Hakkinen, Dr. S. Malola
Departments of Chemistry and Physics, Nanoscience centre
University of Jyvaskyla, Survontie 9, FI-40014, Jyvaskyla, Finland
E-mail: hannu.j.hakkinen@jyu.fi

[c) Dr. P. Engelhardt
Department of Pathology and Virology, Haartman Institute,
University of Helsinki, P.O. Box 21, FIN-00014, Helsinki, Finland

[d] Dr. M. Lahtinen
Department of Chemistry, University of Jyvaskyld, Survontie 9, Fl-
40014, Jyvaskyla, Finland

Supporting information for this article is given via a link at the end of the
document.

matching proteinic units.?l In" synthetic chemistry, hollow
spherical superstructures using colloids have been achieved
using sacrificial templates, atomic layer deposition, and selective
oxidation.”? However, they typically involve templating, several
steps, and purifications, and do not allow spontaneous and
reversible disassembly and re-assembly of hollow capsid-like
superstructures. Recently, water dispersible polydispersed CdS
nanoparticles showed stabilizer-free spontaneous assembly into
porous nanoshell-like structures.”®! The mechanism was
attributed to electrostatic interactions, dispersion and other
colloidal forces, supported by molecular dynamics simulations.

We recently reported template-free supracolloidal hydrogen
bonded self-assembly of water-dispersible gold nanoclusters to
2D nanosheets and spherical capsids with monolayer thick shells
by tuning the solvent conditions taken that the nanoclusters were
atomically precise.?% The self-assembly was driven by the ligands
via carboxylic acid hydrogen bonding dimerization between the
neighbouring nanoparticles. Such a self-assembly was attributed
to the slightly non-spherical nature of the nanoparticles and the
preferential alignment of hydrogen bonding ligands into the
nanoparticle equatorial plane. However, the synthesis of
atomically precise nanoclusters is laborious, and it becomes
relevant to ask whether synthetic reversible capsids can be
achieved by a simple and scalable synthesis.

Cobalt nanoparticles constitute a relevant model system to
study nanoscale magnetic properties.”*a A typical synthesis
involves the hot-injection or heating-up method using dicobalt
octacarbonyl Co2(CO)s and surfactants (e.g. oleic acid or olely
amine) in the presence of trioctyl phosphine oxide (TOPQO) 24 The
surfactants promote the dispersion and reduce aggregation in
organic solvents, whereas TOPO catalyzes the decomposition of
Co2(CO)s.

Here, we report a facile synthesis of superparamagnetic
cobalt nanoparticles (CoNPs), their in-situ template-free
reversible self-assembly to magnetic capsids driven by hydrogen
bonds between the ligands, and their higher order superstructures
by directed self-assembly. We envisaged ditopic ligands where
one end selectively binds to CoNPs and simultaneously stabilizes
them, whereas the other end makes hydrogen bonds between the
CoNPs. Furthermore, we avoid additional catalysts/stabilizers as
they might disturb the supramolecular interactions. We choose
ditopic ligands containing amine (-NH2) and carboxylic acid (-
COOH) ends, as separated by a linker. Whereas the amine binds
to the metal surface and stabilizes the nanoparticles, the
carboxylic acid group allows inter-nanoparticle hydrogen bonding.

Our prototypical synthesis involves heating a mixture of
Co02(CO)s and p-aminobenzoic acid (pABA) in 1.0/0.4 mol/mol
ratio in 1,2-dichlorobenzene (1,2-DCB) from room temperature to
165 °C and holding at this temperature for 30 min (Figure 1a, see
Supporting Information and Figure S1). The approach allows
synthesis of CoNPs (d~5 nm) with pABA ligands and their
spontaneous in situ, template-free self-assembly to larger



spherical superstructures of sizes ~200 nm after cooling to room
temperature (Figure 1b-e, cryo-TEM and dynamic light scattering
in Figure S2). Electron tomographic reconstruction (ET) shows
that the spherical superstructures possess ca. 25-30 nm thick
shells of densely packed CoNPs (Figure 1f, Videos S1-S3), and
there is no packing order within the shells (Figure S3). Such shell-
like nanoparticle assemblies are here denoted as capsids, as will
be discussed later. The individual nanoparticle sizes can be tuned
from 5 nm to 10 nm by dcreasing the mole fraction of pABA vs.
Co02(CO)s from 0.4 to 0.06. At the same time, the average capsid
diameter is decreased from ca. 200 nm to 80 nm (Figure 1g and
Figure S4). The contrast difference between the shells and
interiors varies among the capsids (Figure 1b-d). However, 3D
reconstructions revealed that the shell thickness of the capsids
remains similar (~25 nm, Figure S3). The contrast difference is
attributed to different levels of kinetically trapped pABA ligands,
which are not bound to cobalt. The capsids without trapped pABA
show a clear difference between the shell (dark) and interior
(white) in their 2D projection (Figure 1c). On the otherhand,
capsids with more trapped pABAs show less contrast difference
in their 2D projection (Figure 1d).
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Figure 1. The overall concept. a) Cobalt nanoparticles by heating-up synthesis
of Coz2(CO)s and pABA in 1,2-DCB and their spontaneous self-assembly to shell-
like capsids. b) TEM micrographs showing spherical capsids for Co2(CO)s/pABA
1.0/0.4 mol/mol. Examples of capsids with less (c) and more (d) of kinetically
trapped pABA in the interior. e) Size distribution of capsids. f) Electron
tomographic reconstruction resolves clearly the CoNP shell layer from the
hollow interior (see Figure S3 for ET reconstruction of a capsid with trapped
PABA in the interior). g) The nanoparticle and capsid sizes are tunable by the
composition.

The excess pABA molecules can be removed by soaking the
capsids in acetone (Figure 2a-c and Figure S5, S6), as pABA is
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soluble in acetone, and the trapped pABAs are transported
through the porous shell in analogy to processes in
colloidosomes,?® as revealed by ET reconstruction (Figure 2c,
Videos S4 & S5). That the capsid interior can contain trapped
unbound pABAs is also suggested by the 'H and *C NMR
spectroscopy (Figure S7) and can be controlled by processing
kinetics (Figure S8).

We will next show that carboxylic acid hydrogen bonding
between the ligands of the neighbouring Co-pABA nanoparticles
is important for the capsid formation. A direct evidence for
existence of hydrogen bonds is obtained by FT-IR (Figure S9).
Indirect evidence is provided by solvent and thermal induced
reversibility. The capsids disassemble into individual
nanoparticles (d~5 nm) in methanol (Figures 2d-e, and S10) due
to the disruption of inter-nanoparticle hydrogen bonds. After
dispersing the capsids in methanol, the excess pABA molecules
were removed by repeated washing and centrifugation. This
allows colloidal dispersion without any unbound pABA. When the
purified CoNPs were redispersed in 1,2-DCB, they re-assembled
into hollow spherical capsids (Figures 2f and S10), suggesting
that the self-assembly is template-free. Further, when a solution
of pABA in 1,2-DCB was added to the purified dispersion of
CoNPs, they reassembled into hollow capsids. However, the

presence of pABA resulted in capsid chains. Secondly, heating
of Co-pABA capsids in 1,2-DCB to ~150 °C resulted in
disassembly to individual nanoparticles and reassembly upon
cooling to room temperature (Figure 2g-h).

Figure 2. Thermal and solvent exchange driven reversibility of the capsids
prepared from Co2(CO)s/pABA 1.0/0.4 mol/mol. a) TEM micrographs of capsids
after dispersing in acetone, the trapped pABA ligands are removed. b)
Interacting capsids in acetone as mediated by pABA hydrogen bondings at the
interfaces. c) h) ET reconstruction of an acetone treated capsid. TEM
micrographs showing the disassembly of the capsids upon dispersing in
methanol for d) 30 min and, e) > 1h. f) The capsids reassemble upon transferring
to 1,2-DCB. The capsids dis-assemble upon heating (g) and reassemble upon
cooling (h), i.e., show thermoreversibility.

This is expected as in pure benzoic acid the hydrogen bonding
dimerization constant is reduced to ca. 4% from the room



temperature value upon heating to 150 °C in a medium with
dielectric constant of 9.93, corresponding to 1,2-DCB (see
Supporting Information for details and Figures S11, S12).2

Note that the reversible self-assembly of the CoNPs to
spherical capsids with a few layered thick shell takes palce
without any amphiphilicity of the building units, i.e. unlike vesicles,
dendrosomes, and polymersomes whose molecular conformation
is adjustable upon packing.l?’! In our system we deal with the
hydrogen bond driven packing of structurally rigid colloidal level
building blocks (metal nanoparticles, Figure S3) to spherical
superstructures. We denote these assemblies as capsids, as
inspired by the viral capsids, that are formed by the H-bonding
self-assembly of proteinic subunits.

To emphasize the novelty, we next describe ligands that do
not allow capsids (see Figure 3a). First, random aggregates
instead of capsids are obtained when heating-up synthesis was
performed with only Co2(CO)s suggesting the imporatnce of
ligands. Similarly, no capsids were formed with a mixture of
Co02(CO)s/TOPO, therein, the single functional group binds on
metal core, and the peripheral moiety is nonfunctional.
Importantly, heating up synthesis of a mixture of Co2(CO)s, TOPO
and pABA also furnished random aggregates(Figure S13),
indicating that the presence of additional stabilizers interferes with
nanoparticle formation and self-assembly. Unlike pABA, the
ortho- and meta- isomers, oABA and mABA did not lead to the
capsids, where the steric hindrance of carboxylic groups limits the
interparticle hydrogen bonding (Figure S14). Capsids were
neither observed if the peripheral group of the ligand forms only
weak hydrogen bonds, such as the hydroxyl-hydroxyl hydrogen
bond between two aminophenols. These findings suggest that the
key to capsid formation is in the ditopic structure of the ligands,
containing a metal binding amino group and a hydrogen bonding
peripheral carboxylic acid motif with a linker.

The role of hydrogen bonding in capsid formation, binding
energy, diffusion barrier for ligand rearrangements, and magnetic
moments of a model spherical cluster Co13-pABA12 was studied
using density functional theory (DFT). We used spin-polarized
density-functional theory with projector augmented waves (PAW)
as implemented in the real-space grid code-package GPAW,?lto
study the ground state electronic structure and binding of pABA
ligands to model Cous clusters (Figure 3b). The technical details
on theoretical calculations are presented in the supporting
information.

Optimized structures of the model clusters and molecules
are shown in Figure 3b. Bare cobalt cluster Co1s and the core of
the fully protected cluster Co13pABA12 are of the same symmetry.
The average binding energy of one pABA molecule in the
Co13pABA12 cluster is 0.62 eV (Table S1). It is interesting to note
that the calculated diffusion barrier for one pABA molecule on top
of the Cos1s cluster is of the same order (~0.6 eV, see Figure 3c).
This suggests facile ligand rearrangement around nanoparticle
surface. The ligand-protected Co1s cluster has a relatively large
magnetic moment of 1.6 Bohr magneton per atom.

We also looked at the interaction between the pABA dimers
and the modification of the interaction by methanol (Figure 3b,
panels C,E). The pABA dimer is bonded by 0.39 eV/hydrogen
bond. The bonding becomes slightly weaker (0.35 eV/hydrogen
bond) in the presence of methanol. This indicates the possibility
that methanol disturbs the capsid formation, as also observed
experimentally. Because of the curvature of the ligand surface,
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each Co13pABA+2 cluster can make just a few hydrogen bonds to
neighbouring clusters, leaving pores between the clusters (see
Figure 3b, panel D).
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Figure 3. Understanding the ligands. a) Ligands that do not render capsids. b)
Computational modelling: (A) Co1s model cluster; (B) Co1spABA12 model
structure showing amines binding to nanoparticle surface leaving -COOH for
inter-particle hydrogen bonding; (C) Hydrogen bonded pABA dimer; (D) Trimeric
superstructure showing a triangular pore due to packing frustration; (E)
Hydrogen bonding in the pABA-methanol complex. c¢) Diffusion barrier for a
PABA movement between two Co-top sites in the Co13pABA12 cluster. The
diffusion barrier was calculated by using constrained relaxation. The reaction
coordinate is defined as the distance between the N atom of pABA and the Co
atom where it is bound at configuration #3.

In order to explain in detail the thin shell formation, the exact
ligand arrangement around the nanoparticles should be known.
Due to the polydispersity, single crystals cannot be grown, unlike
in the atomically precise Au-nanoparticles.?! Still, we expect that,
similarly, in the present case there exists a nonspherical
arrangement of the ligands, leading to sheets that close towards
shells. We trapped the intermediates of self-assembly by rapid
cooling of reaction mixture in liquid nitrogen, which shows
individual nanoparticles and partially assembled sheet-like
structures (Figure S16). Further, the reaction was monitored at
different time intervals using TEM which revealed the
intermediate structures (Figure S17). The high resolution electron
tomography, X-ray powder diffraction patterns, thermoanalytical
studies and HR-TEM of capsids further supports the lack of
packing order with overall amorphous nature of capsids (Figures
S18, S19).

Next, higher level structures based on capsids are pursued
by directed self-assembly. We showed above that the carboxylic
acid mediated hydrogen bonds stabilize the capsids. Moreover,
Figure 2b showed that inter-capsid hydrogen bonding can be
achieved but without directionality. It is well known that magnetic
forces induce the formation of pearl/necklace-like 1D chains of
magnetic nanoparticles.'” The Co-pABA capsids are
superparamagnetic due to their small size of constituent
nanoparticles (experimentally determined magnetic core diameter
~3.2 nm, Figure 4a, see Supporting Information for details)."!
First, even application of a very high magnetic field of 9.4 T did
not lead to disassembly of the capsids. Instead, directed self-
assembly of capsids to 1D chains by induced dipoles of the
capsids was observed even using low external magnetic field at
0.65T (Figure 4b). A subtlety is involved, as after removing the
magnetic field, the 1D chain of spherical capsids remained intact,



due to inter-capsid hydrogen bondings facilitated by an ensemble
of Co-pABA nanoparticles at the two dipoles, as can be shown
using TEM, SEM, AFM, and ET reconstruction at zero magnetic
field (Figure 4c, Movies S6, S7 and Figures S20-22). The role of
the stabilizing hydrogen bonds between the capsids can be
further revealed by solvent exchanges. Even if the chains are
robust in solvents, which do not disturb the hydrogen bonds (like
1,2-DCB), exposing the capsid chains to acetone leads to slow
dis-assembly of the chains with time, due to the gradual opening
of the intercapsid hydrogen bonds (Figure 4d). Note that
previously the chains of individual nanoparticles have been stable
only in the presence of magnetic field and they collapse upon
removal of the magnetic field.['" Our approach can be understood
by magnetic field assisted manipulation of the colloidal objects
into 1D colloidal chains to drive hydrogen bonding gluing to
stabilize the capsid chains.
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Figure 4. Higher order capsid structures by directed self-assembly. a)
Magnetization curve of Co-pABA capsids showing superparamagnetism. b)
Supracolloidal 1D chain of 47 capsids. c) ET reconstruction of a capsid chain.
d) Capsid chain upon solvent exchange to acetone. The capsid chains are
formed by exposing to magnetic field, and after the field removal the chains are
stabilized by hydrogen bonds. e) A freestanding film cast from Co-pABA capsids
by interfacial self-assembly. f) The dried Co-pABA capsids do not collapse, as
revealed using TEM on a fractured surface, allowing to resolve an individual
capsid. g) SEM micrograph of the dried film surface showing the packed Co-
PABA capsids.

Finally, we extend the processing-directed supramolecular
gluing between the capsids towards 3D bulk porous metallic
nanoparticle network materials. We used interfacial self-assembly
by placing a dispersion of Co-pABA capsids in toluene (15 mg/
mL) over a petri-dish containing water. The evaporation of the
solvent at the air-water interface leads to self-assembled films
(Figure 4e-g, Figure S23). The Co-pABA capsids fuse to bulk
self-standing material, as stabilized by the pABA-mediated
hydrogen bonds. The capsids do not collapse during drying, as
shown in Figure 4f where a fracture surface allows to resolve an
individual capsid. Using the Co-pABA with 1.0:0.40 mol ratio, the
density of the film is 1.90 g/cm?, which is 20% of the bulk cobalt
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matter, where the wall thickness of the porous framework (i.e.
capsid) being ca. 25 - 30 nm.

We foresee that synthetic capsid-like colloidally self-
assembled materials based on nanoparticles as driven by ligand-
driven hydrogen bonds pave ways towards modular functional
hollow assembies relevant to reversible confinement and
encapsulation.
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Reversible supracolloidal self-
assembly of cobalt nanoparticles to
hollow capsids and their
superstructures

-

Co-pABA nanoparticle N Capsid chain

In situ, template-free and reversible supracolloidal self-assembly of superparamagnetic cobalt nanoparticles to hollow spherical
capsids and their directed assembly to higher order superstructures is reported.



