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Abstract: Self-assembly of colloidal building blocks, like metal nanoparticles, is a rapidly
progressing research area towards new functional materials. However, in-depth control of the
colloidal self-assembly and especially hierarchical self-assembly is difficult due to challenges
in controlling the size dispersities, shape/morphology, directionalities, and aggregation
tendencies. Using either polydisperse or narrow-size dispersed nanoparticles, considerable
progress has been achieved over the past few years. However, absolutely monodisperse
nanoparticles could allow new options for rational designs of self-assemblies. Therein,
atomically precise monolayer protected nanoclusters (d < 3 nm) have recently been synthesized

with well-defined metal cores and surface ligands. Their dispersion behaviour is commonly
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tuned by surfactant-like ligands. Beyond that, here we deal approaches based on ligand-driven
supramolecular interactions and colloidal monodispersity until atomic precision to tune the
colloidal self-assembly and hierarchy from nanoscale to mesoscopic scale. Therein colloidal
packing to self-assembled 2D crystals and closed virus capsid-inspired shells provide relevant
research goals due to ever increasing potential of 2D materials and encapsulation. We will
address the hydrogen bonding (H-bonding) directed self-assembly of atomically precise gold
and silver nanoparticles and narrow size dispersed cobalt nanoparticles to free-standing 2D
colloidal nanosheets, nanowire assemblies, capsid-like colloidal closed shells, as well as higher

order structures.

1. Introduction

Simple geometrical packing models in combination of tailored and directional
interactions have turned useful for designing and constructing self-assemblies. Therein,
controlling the polydispersity of the building blocks has been relevant, and achieving exact
monodispersity would, in general, be conceptually the preferred option towards rational designs.
So far, supramolecular chemistry has offered a rich variety of approaches towards highly
refined supramolecular self-assemblies based on exactly defined low molecular weight
molecular building blocks and rationally designed physical interactions using hydrogen or
halogen bondings, ionic interactions, metal coordination, and nt-stacking. In materials science,
exactly defined structures and interactions is rarely accomplished using larger building blocks,
such as high molecular weight polymers and, in particular, using colloids. Related to colloidal
self-assembly, for example, spontaneous template-free defect-free packing to 2-dimensional
(2D) colloidal crystals would be straighforward if the constituent units have exactly similar
sizes and if their interacting sites to the neighbouring particles are directional towards the plane,
i.e., involve suitable broken symmetry.['>] Bending of the 2D sheets from planarity or total

suppression of sheet formation can follow even for a minor polydispersity or when defects and
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geometric frustrations are involved.[®”) On the other hand, if the constituent units incorporate
isotropic interactions, i.e., showing no directionality, 3-dimensional (3D) structures are
expected instead of 2D-sheets or closed shells. Therefore, a delicate interplay is foreseen related
to the size distribution (exactly monodisperse vs. narrow or large polydispersity) and the
directionalities of the supramolecular ligand interactions (isotropic vs. broken symmetry).
Colloidal planar sheets (2D crystals) and closed shells are both expected to be conceptually
relevant for 2D materials and encapsulation towards new functions, related hierarchical
colloidal self-assemblies.

Within this concept, biological particles such as globular proteins with well-defined
shapes (due to protein folding, leading to self-assembly at individual molecular scale) and
subsequent directional interactions, can act as subunits to self-assemble into closed shells, i.e.,
the viral capsids.[®*! They provide fascinating inspiration for hierarchical self-assembly with
exceptional thermodynamic stability. They also follow the principle of genetic economy,
efficiency and error-free structure formation using the concept of subunit based self-assembly
assisted by a combined electrostatic repulsion, hydrophobic effect and specific interaction

-1 Tmportantly, the shape matching

between Caspar pairs (i.e. certain aminoacid pairs).!
proteinic subunits are strictly monodisperse with atomic level precision. Under appropriate
conditions, the supramolecular interactions of viral capsid subunits can be tuned to achieve
reversible assembly-disassembly and protein engineering can even be utilized to prepare
artificial virus particles.!'?] Related self-assembly concepts have been widely explored in
supramolecular chemistry using molecular level building blocks, dendrimers and block-
copolymers where the structure, functional groups and intra- and intermolecular interactions

[13-15

can be controlled to certain precision. IHowever, a similar approach using colloidal level

building blocks such as inorganic nanoparticles has certain limitations due to challenges in

controlling their size, shape, interactions, and stability.[1%17]
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The colloidal stability is controlled by a delicate balance between the attractive and
repulsive interaction forces between the particles. According to the classical DLVO (Derjaguin-
Landau-Verwey-Overbeek) theory, for two identical spherical particles in a dispersion medium,
the stability is determined by the sum of the attraction (van der Waals interaction) and the

18-201f the attractive interactions dominate, the

electrostatic repulsion (electrical double layer).!
particles tend to form random or irreversible aggregates. On the other hand, the dominant
repulsive interactions would favor stable colloidal dispersions. The aggregation can also be
controlled by screening of the electrical double layer (electrostatic repulsion) using electrolytes
or by steric repulsion using (polymeric) brushes (i.e., entropic stabilization). However, when
the two particles are closer than a few nanometers (i.e. involving non-DLVO forces such as
hydration, hydrophobic and solvation forces), the classical DLVO theory is not applicable.[2!-2?]
Despite these challenges, considerable progress has been made using surface-functionalized
colloidal particles, using restricted volume, depleted forces, electrostatic interactions, DNA
hybridization, hydrogen bonding (H-bonding), and even the designer inorganic or polymeric
patchy particles to control interactions and to achieve higher order assemblies.[?3-?° The self-
assembly of microparticles using DNA hybridization approach suggested that by tuning the
strength of H-bonding (e.g. tuning the DNA melting temperature), it is possible to obtain either
random aggregates due to irreversible snapping (i.e. strong H-bonding) or well-ordered

macroscopic crystals by H-bonding rearrangement (i.e. weak H-bonding) from micron sized

spherical particles.!?!

2. Monolayer protected metal nanoparticles

The pioneering work in 1981 on monodisperse gold 55 (Auss) cluster having triphenyl
phosphine (PPhs) ligands (Auss(PPh3)12Cls) initiated the search for ultrasmall nanoparticles
with well-defined molecular structures at the atomic level precision, known as nanoclusters.*°!

However, the limitations related to the unstable nature of PPh; protected nanoclusters warranted
4
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further exploration for the preparation of stable ligand-protected nanoparticles.l*!! Monolayer
protected gold nanoparticles opened a new direction in the synthesis and application of ligand
protected noble metal nanoparticles with extraordinary stability.*?! Further, demonstration of
ligand exchange allowed the possibilities of mixed ligand shells on nanoparticle

surface [24b,24¢,33

I'Noble metal nanoparticles, especially in the size range <10 nm, have unique
optical, magnetic, catalytic as well as potential biological applications.** Various approaches
have been demonstrated to achieve self-assembled thin films on substrates using partial ligand
exchange, layer-by-layer exchange, electrostatic stabilization, DNA base pairing, or

35-46

complementary hydrogen bonding.*>-4I Similarly, electrostatic assembly of equally sized gold

and silver nanoparticles, binary nanoparticle superlattices and virus-nanoparticle hybrid

36391 Among

crystals have shown to self-assemble into unprecedented crystal morphologies.!
supramolecular interactions, H-bonding is an important non-covalent interaction in controlling
the stability, dynamics and hierarchical assembly of biological structures such as proteins and
nucleic acids. It is multistimuli responsive (pH, temperature, and solvent), allowing reversible
and responsive assemblies. Nanoparticle self-assembly was shown using “brick and mortar”
concept by combining nanoparticles containing H-bonding ligand end groups and polymers
with complementary H-bonding units.[*!] A conceptually simple approach has been shown to
achieve assembly of dodecanethiol capped gold nanoparticles using ligand exchange with a few
mercaptoundecanoic acid or mercaptohexanoic acid units. The carboxylic acid dimerization led
to hexagonally packed array of nanoparticles on surfaces upon solvent evaporation and such H-
bonded self-assembled structures possess biomimetic ion-gating properties.[*?!

The above studies have been performed using nanoparticles with a finite size
dispersities.l*!! Note that the phrase "monodispersity" used in nanoscience does actually not
always mean exactly defined units. A majority of the so-called “monodisperse” particles in the

literature are either polydisperse or with narrow size dispersities. By contrast, there has been a

considerable recent progress in the size and shape controlled synthesis and characterization of
5
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gold and silver nanoparticles aiming at atomic level precision, an important step in the
nanoparticle field.*7-52!

In this feature article the focus will be on the self-assembly of nanoparticles (4 < 10 nm)
decorated with ligands incorporating carboxylic acid peripheral functionalities. Carboxylic
acids are particularly attractive therein for several reasons: 1) They allow H-bonding
interactions between ligands of neighbouring nanoparticles due to carboxylic acid
dimerizations as a supramolecular motif; 2) In constructing ditopic ligands with opposing
carboxylic and metal binding group (-SH, and -NHb>) as separated by a spacer (see Figure 1a,e),
the carboxylic acids interestingly do not interfere the metal binding. We point out that selecting
the peripheral supramolecular binding motifs is untrivial, as most of the generally used
supramolecular binding motifs could also bind to metals, thus leaving carboxylic acids one of
the few feasible ones; 3) Finally, carboxylic acids can be converted to their salt form under
basic conditions, thus facilitating water dispersibility and balance of the H-bonding and ionic
interactions. Special emphasis in this feature article is by para-mercaptobenzoic acid (pMBA)
and para-aminobenzoic acid (pABA) ligands. They will be used as ligands for H-bond directed
self-assembly of atomically precise gold nanocluster (Auio2-pMBA44) and silver nanocluster
(Agas-pMBA3¢) (Figure 1b,c and later Figures 2 and 3), in both cases involving a fraction of
the carboxylic acid in the salt from. A comparison is made to a polydispersed cobalt
nanoparticles (Co-pABA) having size d < 8 nm (Figure 1d and later Figure 7). We will first
describe the self-assembly strictly monodisperse gold nanoclusters to 2D colloidal crystals
driven by H-bonds with broken symmetry. Next, we will describe bending and closing of the
sheets to spherical capsids having monolayer and a few layer thick shells. Further we will
describe how hydrogen bonded nanoclusters can be used to direct self-assemblies of nanowires.
Finally, we also disclose our results on two types of colloidal capsids, viz ellipsoidal capsids
with monolayer thick shell and cylindrical capsids composed of a few layered shell from cobalt

nanoparticle self-assembly.
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Figure 1. Nanoparticle building blocks and chemical structures of ligands discussed in this
feature article. a) Schematic representation of monolayer protected metal nanoparticles using
ditopic ligands with a metal-binding and carboxylic acid ends. b) X-ray single crystal structure
of the gold nanocluster Aui02-pMBA44 incorporating p-mercaptobenzoic acid ligands (pMBA).
Reproduced with permission from refl®8l. © 2017 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. ¢) X-ray single crystal structure of the silver nanocluster Agss-pMBA3o. (H-atoms
are not shown for clarity). Reproduced with permission from refl®l. © 2013 Macmillan
Publishers Limited. d) Suggested Coi3-pABA12 (PABA = p-aminobenzoic acid) cluster based
on computational modelling. Reproduced with permission from refl’¢l. © 2017 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. e) The chemical structures of the present ditopic
ligands, showing the metal binding units (R), spacers, as well as the carboxylic acid group. f)
The versatility of the carboxylic acid peripheral functional group to act a H-bond directing unit
due to carboxylic acid dimerization (in the protonated state) and water dispersion promoter (in

the salt form).
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3. Atomically precise nanoclusters

Atomically precise nanoclusters (d < 3 nm) contain well defined molecular structures
with exact number of metal atoms and surface ligands. The structure of nanoclusters is
determined using single crystal X-ray diffraction, cryogenic transmission electron microscopy

4750511 The concept of comparing inorganic nanoparticles

(Cryo-TEM), or mass spectrometry.!
to protein mimics has already been proposed in the literature,>3! however, the lack of 3D
structural details of such plasmonic nanoparticles remained a hurdle in providing detailed
mechanistic insights. In this context, the self-assembly of atomically precise quantum sized
nanoclusters with inherent structural complexity,>% and well-defined structure, the location and
orientation of the surface ligands will be vital in enhancing the current understanding on
nanoparticle self-assembly. The self-assembly of atomically precise nanoclusters, typically
having the core diameter from subnanometer to 2-3 nm, will be of particular interest due to the
well-defined size, as they provide a link between molecule-like simple organometallic

48991 This small size induces energy quantization due

complexes and plasmonic nanoparticles.!
to quantum confinement in the extremely small size.’* Therefore, remarkably different
physical and chemical properties are displayed by nanoclusters having application potential in
the new sensors, photography, biology, and optoelectronics. Unlike large plasmonic
nanoparticles, where the surface plasmon resonance is due to collective excitation, the
nanoclusters show molecule like multiple bands in their electronic spectra.>* The properties
such as non-metallic and metallic characters can be tuned by changing the size of the
nanoclusters.>* The fundamental requirements are the shape and composition of the metal core
and ligand structure. The core determines the electronic and optical properties and the ligand
engineering allows tuning of the chemical properties and packing. However, achieving higher

order structures using nanocluster self-assembly is a challenging task as the inter-nanocluster

interactions (electrostatic and dipolar van der Waals interactions) are comparable to the thermal
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fluctuation energy of the environment, thereby complicating the formation of higher order

structures unlike plasmonic nanoparticles.

4. Self-assembled 2D colloidal nanosheets
In materials science, the two-dimensional structures of a single or a few layer
thicknesses using atomic, molecular, or nanoscale units have received tremendous attention

53151 Graphene is an unique example, as it is a component of

since the exfoliation of graphene.!
graphite, which consists of 2D stacks of graphene in its bulk (3D) crystals. The 2D layered
graphene exhibits excellent charge carrier mobility, mechanical properties, optical transparency
and electronic properties making it suitable for novel functional devices.l*®! Similarly, other
ultrathin 2D nanomaterials have unique material properties due to high surface area and
quantum confinement of electrons in two dimensions and have been demonstrated to improve
the performances of batteriess, catalysts, solar cells and act as reinforcing components in
nanocomposites.'>” More importantly, the structures allow studies of anisotropic or dimension-
dependent physical and chemical properties which might pave way for novel materials with
unanticipated properties. Various approaches such as exfoliation, molecular beam epitaxy and
solution phase synthesis have been used to achieve 2D nanostructures, including protein
engineering for dynamic flexible 2D biocrystals.5¢6* Such layered structures display
anisotropic growth and interactions due to strong lateral bonding and weak van der Waals
interaction between the layers (in graphene) or other supramolecular interactions. Recently 2D
polymers and supramolecular polymers have been demonstrated using photopolymerization

65661 However, when it comes to metals and colloids, they have a tendency to form

techniques.!
bonding to form 3D structures, which limits the spontaneous access to 2D layered colloidal
structures in template-free manner.

In material science, the ligand protected 2D colloidal crystals are of great interest, e.g.,

due to the electron transport phenomena.!’”! It has been shown that in 2D arrays, the transport
9
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occurs through hopping process and the presence of ligands on the surface might provide a
tunneling barrier. The conductivity can be tuned by controlling the hopping steps. In metal
oxide nanosheets, the transport can be improved by ligand passivation.[®®! Further, unlike
individual larger spherical nanoparticles, 2D materials show strong quantum confinement in
the in-plane direction. Related to nanocluster based 2D materials, nanosheets derived from
CdSe nanocrystals and other related quantum dots have been reported and reviewed.!s!
However, a majority of the nanosheets are prepared by growth control using molecular
precursors. Nanosheets or 2D colloidal crystals of thickness below 5 nm can also be achieved
using the concept of colloidal self-assembly. In self-assembly, the feasible building blocks are
foreseen to be well-defined monolayer protected nanoparticles which pack into sheets through
supramolecular interactions between the ligands. Ligand mediated self-assembly would allow
highly ordered array up to mesoscopic length scale and simultaneously prevent or control the
electronic coupling between the nanoparticles, thereby retaining the intrinsic material properties
of individual nanoparticles. Here, as an example, we discuss the self-assembled 2D colloidal
sheets from water dispersible atomically precise gold nanocluster Auip-pMBA44 (Figure 2).[68]
The nanocluster contains 102 gold (Au) atoms and monolayer ligand shell of 44 pMBA
molecules, with carboxylic acids facing the periphery. The nanocluster with the core diameter
of 1.59 nm and overall size of 2.7 nm represents the first nanocluster which has been completely
characterized using single crystal X-ray diffraction (Figure 1b).[*”] The space filling model in
its solid state can be compared to the size of a fully folded 26 kDa protein molecule, a colloidal
subunit. The solid is stable under ambient conditions. The nanocluster has been shown to
possess similar structure also in its solution state.’!! Tt is soluble in methanol in its protonated
state but insoluble in water.[*”) However, partial deprotonation of the surface carboxylic groups
leads to patchy water dispersible clusters which are insoluble in methanol. This property has
been utilized to grow single crystals for X-ray diffraction using 46% aqueous methanol in the

presence of sodium chloride and sodium acetate at pH 2.5.147) Interestingly, a closer look at the
10
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distribution of the ligands reveals that there is a preferential orientation towards the equatorial

plane, i.e., to form anisotropic patches (Figure 2d-2f).
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Figure 2. Self-assembled template-free 2D colloidal nanosheets. a) TEM micrograph of
aqueous dispersed Auig2-pMBA44, when a fraction of the total 44 pMBA ligands is in the salt
form. b-c) Upon controlled (slow) solvent exchange from water to methanol by dialysis, 2D
colloidal nanosheets are spontaneously formed as shown by TEM micrograph. It shows facetted
one nanoparticle thick hexagonally close packed (hcp) sheets. The TEM image shows that three
of them are partially stacked in this case. d-e) Orientation and distribution of ligand and H-

bonding patches showing a preferential anisotropic distribution at the equatorial plane.

11
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Reproduced with permission from refl®8l. © 2016 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.

This raises a question, whether anisotropic growth of self-assembled structures in 2D is
possible by breaking the (3D) symmetry? Recently it was achieved using partially deprotonated
nanoclusters Auio2-pMBA44.18 The partial deprotonation of the carboxylic acids to sodium
salts using aqueous sodium hydroxide provide access to both H-bonding due to protonated
COOH groups as well as electrostatic repulsion due to negatively charged carboxylates COOr,
allowing aqueous dispersibility. Upon controlled dialysis of aqueous dispersion against
methanol, the nanoclusters underwent hexagonally packed 2D colloidal nanosheets (Figure 2b)
with monolayer thickness, representing the first controlled and free-standing 2D crystals from
atomically precise nanoclusters using supramolecularly controlled template-free self-assembly.
The TEM analysis showed hexagonally close packed structures with a periodicity of 2.3 nm
and inter-nanoparticle distance of 2.7 nm (Figure 2c) with facetted edges (Figure 2b). This can
be explained because the deprotonation to Na-salts provides electrostatic repulsion and the
protonated carboxylic acid groups undergo H-bonding dimerization. Therefore, a delicate
balance between attractive and repulsive interactions is maintained. The equatorial distribution
of the H-bonding patches provides a strong lateral binding (intralayer direction) and the
interaction between the layers (inter-layer) of nanosheets will be weak n-stacking between the
surface ligands as it was also shown in the crystal structures.[*”) Therefore, this structure is
reminescent to graphene, but in this case due to colloidal units and supramolecular bonds.
However, the packing pattern in the 3D X-ray single crystal structure*” has been shown to be
different than in the present 2D-case and no hexagonal patterns were observed in the 3D crystal
packing. Therefore, the self-assembly of the present 2D colloidal crystals and the previously
reported 3D single crystal formation follow a significantly different path. However, continuing

the dialysis led to the formation of stacked sheets into bundled structures (see Figure 2b
12
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showing 3 sheets stacked).[®8] This is in analogy with the 2D crystal formation in keplerates
(see later) and apoferritin particles, driven by the anisotropic distribution of the interacting
patches.[*]

Another extensively studied system is silver nanocluster Ags4-pMBA30. The nanocluster
is composed of 44 silver (Ag) atoms and 30 p-mercaptobenozic acid (»MBA) units, with overall

69.70] Based on mass spectrometry

size of 2.5 nm and molecular weight of ~10 kDa (Figure 1c).
analysis and single crystal X-ray diffraction studies, it has been shown that all the carboxylic
acids exist in their fully protonated form. However, the nanocluster carry -4 charge, which
comes from the metal core and not from the carboxylates.[®®! These negative charges are
stabilized by counter cations, therefore, represented as M4-Agas-pMBA30 (Where, M=Na). The
extraordinary stability of Nas-Agas-pMBA30 nanoclusters and the possibility to provide even
semi large-scale synthesis up to 140 g (i.e. three orders of magnitutue higher than typical
nanoparticle synthesis) has encouraged extensive investigation for various applications. The
nanoclusters self-assemble into thombus shape crystals in the solid state. Considering the 3D
crystals, unlike the gold nanocluster Auio2-pMBAu44 discussed earlier, the crystal structure of
Nag-Agas-pMBAj¢ displays a hexagonally arranged superlattice, mediated by inter-nanoparticle
hydrogen bondings (Figure 3).[°) The ligands are classified into two types based on their H-
bondings, i.e., twofold or double bundles (L2) and three-fold or triple bundles (L3). In the solid
state, each double bundle (L2) contributes to the two H-bonding dimerizations between the

neighbouring nanoclusters, whereas each triple bundle (L3) contributes to three inter-

nanocluster H-bonding dimerization.

13
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Figure 3. H-bonding in Nas-Agss-pMBA30 nanoclusters. a) Chemical structure, single crystal
X-ray structure of single Nas-Agss-pMBA3o, and H-bonding due to carboxylic acid
dimerization. b, ¢) Inter and intra-layer H-bonded structures with hexagonal packing in 3D and
2D views. d) A close-up view showing inter-layer H-bonding. ¢) Rotational structural transition
of two layers showing ligand flexure and rotation of nanoclusters. The nanoclusters in the two
different planes rotate in opposite directions under hydrostratic compression (¥ = instantaneous
volume under compression, ¥y = initial volume). Reproduced with permission from refl’%. ©

2014 Macmillan Publishers Limited.

The double bundles (L2) contribute to lateral bonding, whereas the triple bundles (L3)
contribute to inter-layer bonding. Therefore, each nanocluster involves 60 H-bonds in its solid
state, i.e. 24 inter-nanocluster (lateral) and 36-inter-layer H-bonds. This anisotropic distribution

of H-bonding number also allows preferential growth in the lateral direction. The experimental

14
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results combined with theoretical modelling have shown that under hydrostatic compression
the superlattice displays pressure softening and undergoes solid-solid transition to a soft solid
with bulk modulus of 16.7 GPa (Figure 3¢)."% Such a transition involves ligand flexure, which
causes gear-like correlated chiral rotation of the nanoclusters. While the anisotropic ligand H-
bonding is very fascinating, so far, no monolayer thick 2D structures have been reported.
However, counter anion mediated control of crystal morphology has been shown (3D
crystals).l!]

Next we deal an example where hydrogen bonding nanoclusters can direct self-
assembly of other colloidal units. Previously, 1D nanocrystals and nanorods have been shown
to produce mesoscopic aggregates upon (isotropic) electrostatic assembly, when mixed with

oppositely charged plasmonic nanoparticles.!”?!

Importantly, the size dispersities have been
shown to play a major role in determining the nature of superstructures. On the other hand,
based on the crystal packing, the Agss-pMBA30 nanoclusters show anisotropic unique inter- and
intralayer packing, which suggest their incorporation to promote novel specific assemblies.
Specifically, it will be interesting to study how decorating a monodisperse 1D nano-objects
with atomically precise Agss-pMBA3o will influence the higher order assembly through H-
bonding. In this context, the Nas-Agss-pMBA30 nanoclusters were explored to prepare a
composite bilayer assembly of 1D tellurium nanowires (TeNWs, /= 2.5 pm, d ~ 28 nm) via air-
water interface evaporation-induced assembly (Figure 4).[7) When pristine TeNWs were
dispersed in 1-butanol and subsequently let to undergo air-water interface assembly, monolayer
of TeNWs with parallel arrangement was observed. On the other hand, the TeNWs can be first

surface modified with NasAgas-pMBA30 by mixing both the precursors (Nas-Agss-pMBA30 and

TeNWs) in N, N-dimethylformamide (DMF) followed by centrifugation.

15
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Figure 4. Composite tellurium nanowire (TeNW) bilayered structures directed by H-bondings

between Na-Ag.-pMBA,, nanoclusters, denoted as Ag,@TeNWs. a) Chemical structure and
the underlying bondings. b) Structure of a Na-Ag.-pMBA, nanocluster. ¢) Inter-nanoparticle
H-bonding in Ag.-pMBA, nanoclusters and Ag,@TeNWs. d) TEM micrograph displaying
crossed bilayer structure with an unusual angle of 81°-between the TeNWs upon air-water

interface assembly of Ag.@TeNWs. e) Close-ups for the suggested packings of the
16
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Ag.@TeNWs bilayers, driven by the H-bonding between the Ag.-pMBA, nanoclusters.
Reproduced with permission from refs. 2016 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim.

The resulted Nas-Agas-pMBA30 coated TeNW:s are referred as Agss@TeNWs, mutually
bound by Te-O interaction. Interestingly, when similar assembly process was applied for a
dispersion of Agas@TeNWs, a crossed “woodpile-like” bilayer structure was observed instead
of a monolayer, as illustrated by the TEM image in Figure 4d. The arrangement of TeNWs
between the two layers in the composite bilayer showed an unusual angle of = 81° (Figure 4d,e).
Based on concentration dependent experiments and modelling using the crystal structure of
Agaa-pMBA30,"% it was shown that the different states of aggregation of Agau-pMBA3g are
responsible for stabilizing the above woodpile-like structure. The arrangement of NWs
between two layers at their mutual angle 81° allow a strong hydrogen bonding due to three pairs
(L3) of H-bonding between the Agss-pMBA3o coated over TeNWs (Figure 4c,e). However,
selecting angles 90° and 0° would allow only either two or one pair of H-bonding, respectively.
This strong interlayer H-bonding drives the unusual geometry and 2D layer formation.
Therefore, there is a clear evidence that, unlike electrostatic interaction, atomically precise
nanoclusters with directional H-bonding surface ligands can provide highly tunable

nanostructures.

5. Self-assembled capsids

H-bonding stabilized spherical superstructures have previously been reported in the
literature using 2-6 nm gold nanoparticles.!*’! Using strictly monodisperse metal nanoclusters,
the self-assembly of keplerates [Mois4] was reported to spherical superstructures termed as
“inorganic vesicle-like” structures (Figure 5).[7*1 There the self-assembly of macroanionic

clusters was attributed to the H-bondings, directed by water molecules. Recent theoretical
17
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studies using Monte Carlo simulations have shown that the patchy distribution of interacting
sites on the clusters is responsible for spherical structure.>®) On the other hand, reverse
emulsion mediated assembly of spherical particles into colloidosomes have been shown to

display plasmonic broadband absorption properties.[”®]

Figure 5. Inorganic vesicle-like particles derived from keplerates. a) X-ray structure in space-
filling model of 3.6 nm [Moiss] type nanowheel (Mo atoms in blue; O atoms in red). b)
Polyhedral representation, showing pentagonal (Mo)Mos units (in blue) (Mo> units in red, Mo
units in yellow). ¢) The smallest constituent units with a metal atom and ist coordination sphere,
i.e., with one of the 70 H>O ligands. d) TEM micrograph of self-assembled 45 nm vesicle-like
particles. ) Schematic representation of the vesicle structure. Reproduced with permission

from refl’#. © 2003 Macmillan Publishers Limited.

Closed shell capsid-like assemblies can be obtained also by controlling the processing
conditions. In Figure 2 we showed that atomically precise Auio2-pMBAu44 (partly protonated
ligands and partly in Na-salt form) spontaneosly self-assemble into monolayer 2D sheets, by
dialysing from water to methanol. The slow dialysis process provides sufficient time for the
nanoclusters to assemble in the hexagonal closed packing structure which maximizes the
hydrogen bondings. By contrast, if an aqueous dispersion of partially deprotonated Auio»-
pMBAu4s nanoclusters is rapidly injected into methanol, spherical superstructures of average

diameter of 200 nm are formed (Figure 6).1°*) More importantly, the electron tomographic
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reconstruction showed that the spherical superstructures are hollow, involving a shell of a

monolayer thickness (Figure 6b-d).

Figure 6. Colloidal capsids based on water dispersed Auio2-pMBA44 (with a fraction of the
total 44 pMBA ligands in the salt form) upon quickly injecting to large excess of methanol. a)
TEM micrograph of self-assembled spherical capsid. b) An electron tomogram of a spherical
capsid. ¢) A close-up of the tomogram showing a monolayer thick shell. d) Schematic
illustration of a monolayer thick shell capsid. e) The capsids undergo supracolloidal assembly
via inter-capsid H-bondings mediated by an ensemble of nanoclusters. f) TEM micrograph of
an ellipsoidal capsid. g) Schematic illustration of an ellipsoidal capsid. Reproduced with

permission from refl%®l, © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Since the spherical structures are formed based on shape-defined atomically precise
subunits and they are not amphiphilic, unlike conventional surfactants (which form vesicles),
we termed the hollow spherical structures as “colloidal capsids”. The curvature of the shell is,
in fact, expected as the rapid injection promotes packing defects, as has been proposed for many

spherical superstructures.>®! The spherical structures, internally stabilized by H-bonds, are of
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particular interest as they allow reversible assembly. Beyond that, inter-capsid H-bonding
allows also higher order structures and even hollow lightweight materials upon consequent
packings, as will be discussed later. The inter-capsid H-bonding is directly illustrated by fusion
of two capsids (Figure 6¢). Further, our studies have shown that in addition to spherical capsids,
ellipsoidal capsids such as the one shown in Figure 6g were also observed. 3D reconstruction
using electron tomography (See Supporting Information, Figure S1, Videos S1 and S2)
revealed that the capsids are stable upon drying and further showed that the shell is of
monolayer thickness. We foresee that the ellipsoidal capsids can be formed either due to the
fusion of two capsids or rearrangement of defects upon assembly.l>%l However, at this point the

mechanisms of formation and details how to tune the ellipsoidal capsid shells are not yet known.

6. Magnetic colloidal capsids and hydrogen bonded higher level superstructures

The above examples show self-assemblies based on exactly defined nanoclusters, where
the number of the metal atoms (core) and the number of the ligands (surface) are exactly defined.
Further, the gold nanocluster-based capsid illustrates the possibilities to fine tune the
interactions between the capsids to realize higher order structures. However, the synthesis of
such nanoclusters involves extensive purification steps. Therefore, it is relevant to ask whether
simpler and more scalable single-step syntheses could be identified, allowing still some of the
above observations, such as the colloidal capsids. Further, it could be relevant to ask if external
fields/conditions can drive higher order capsids structures. Therein magnetic field was expected
to be particularly attractive.

As an attempt to address this, we reported a rapid, in-situ, template-free single-step self-
assembly of cobalt nanoparticles and their reversible superparamagnetic colloidal capsids using

molecular precursors.[”¢]

In this method, the knowledge gained from the self-assembly of
atomically precise gold nanoclusters was implemented for the ligand engineering, i.e. that the

ligand ditopic architecture around the metal core was expected to involve patchiness and broken
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symmetry. That this could be possible, was suggested by modelling a cobalt (Co) cluster using
a ditopic ligand p-aminobenozic acid (pABA) (Figure 1d) having an amino end which binds to
the Co-metal, carboxylic acid end, facilitating hydrogen bonds, and the phenyl spacer. The
model cluster Coi3-pABA1> indeed suggested the anticipated ligand orientation towards the
equator, like in the gold nanoclusters (Figure 2e,f). Encouraged by this, experiments were
undertaken, aiming at particularly simple single-step synthesis.l’¢! The approach was in part
inspired by the so-called heating-up synthesis, which was previously used to prepare surfactant-
protected Cobalt nanoparticles.l””! By contrast, in the present case the capsids were prepared by
mixing dicobalt octacarbonyl, Co2(CO)s and a ditopic supramolecular interaction facilitating
ligand pABA (instead of the previously used surfactant-like ligands) in 1.0: 0.4 mol ratio in 1,2-
dichlorobenzene at room temperature, followed by heating at 165 °C for 20 minutes, followed
by cooling. This allowed superparamagnetic cobalt nanoparticles decorated with pABA units
(Co-pABA) with narrow size distribution (d~5 nm), Figure 7. Upon cooling to the room
temperature, the Co-pABA nanoparticles spontaneously assembled into spherical capsids. This
is attributed to the carboxylic acid dimerization driven nanoparticle assembly due to the apolar
nature of the 1,2-DCB solvent (dielectric constant 9.93). Based on time resolved TEM, it was
shown that the nanoparticle (Figure 7a) formation occurs within five minutes after starting of
the reaction. The 3D structural details using electron tomographic reconstruction revealed that
the capsids are made up of a few layer thick (~25 nm) shells (Figure 7b, c). Interestingly, the
TEM micrographs displayed capsids with varying contrast differences between the shells and
the interior. This is due to the excess pABA molecules that are not bound to nanoparticle surface,
which are statistically trapped inside the capsids (Figure 7e,f). Furthermore, the nanoparticles
do not show well ordered arrays within the shell due to their non-uniform size dispersities

(Figure 7d).
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Figure 7. Heating-up synthesis of Co-pABA nanoparticles (CoNP) in 1,2-DCB and the
subsequent in-situ template-free self-assembly to capsids upon cooling. a) Schematic
representation of ditopic ligand protected CoNPs and low magnification TEM micrograph of
an ensemble of colloidal capsids. b) TEM of a single hollow capsid. c¢) Electron tomogram (ET)
reconstruction showing 3D structure of a hollow capsid with the shell consisting a few layers
of Co-pABA. d) A close-up from the shell illustrating that the nanoparticles do not show well-
defined packing order. e) After the synthesis, a fraction of the pABA ligands can remain
unbound from the cobalt surface, and they can be trapped in the capsid, as shown in a TEM
micrograph by the reduced contrast between the core and shell, in comparison to b). f) ET
reconstruction showing shell and trapped ligands in the capsid interior. g) Upon exchanging the
solvent from 1,2-DCB to acetone allows to remove the potentially trapped unreacted ligands
from the capsid interior, as revealed by TEM and ET reconstruction, thus allowing the purified

capsids (h). i-k) shows capsid disassembly and reassembly upon exchanging 1,2-DCB to
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methanol and redispersion in 1,2-DCB. Reproduced with permission from ref.[’®) © 2017

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

The presence of inter-nanoparticle H-bonding was supported using solvent exchange
from 1,2-DCB to methanol and acetone. When solvent was exchanged to acetone (dielectric
constant 20.7), only the trapped pABA molecules were released from the interior leaving the
purified capsids with deformed shell upon drying (Figure 7g, h). In methanol (dielectric
constant 32.7), the capsids were disrupted into individual Co-pABA nanoparticles (Figure 7i,
J)- These individual nanoparticles obtained after dispersing in methanol, again rendered hollow
capsids upon adding 1,2-DCB (Figure 7k). The re-assembled capsids displayed similar
dimensions and shell thickness as that of the freshly synthesized capsids, suggesting that the
capsid formation is a template-free reversible assembly. In addition, the capsids were shown to
undergo thermoreversible assembly, further supporting the H-bonding mediated self-assembly.

The capsids were superparamagnetic due to the small size of individual nanoparticles
(the magnetic core of 3.2 nm and average overall size ~ 5 nm). This property was exploited to
achieve higher order 1D-capsid chains of several micrometers, based on driving of the capsids
into chains, whereupon the H-bonds were established between the neighbouring capsids
(Figure 8a-c). In this way directional H-bonds were activated by imposing by magnetic fields.
Curiously, due to strong H-bonding, the capsid-chains were stable upon removing the magnetic
fields, and even for selected solvent exchanges, thus providing an opportunity to construct light-
weight mesoscale polymeric chains with the capsids as repeat units. Further, macroscopic films
composed of hollow capsids were demonstrated using air-water interface assembly by
dispersing the capsids in tolune followed by placing the dispersion on water in a petri-dish.

This furnished a highly light weight porous colloidal framework material (Figure 8d-g).
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Figure 8. Higher level structures of Co-pABA capsids. a) The magnetic hysteresis curve for
Co-pABA capsids indicating superparamagnetic properties. b) Magnetic field drives capsids to
chains, subsequently stabilized by intercapsid H-bonding even removing the magnetic field. c)
ET reconstruction of a capsid chain. a) Air-water self-assembly of capsids to films. e) A bulk
porous film composed of capsids. f) Hollow capsids shown by TEM micrographs of film. g)
SEM image showing surface of bulk film. Reproduced with permission from refl’l, © 2017

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

In the capsid formation the ligand structure and the position of functional groups (-NHz
and -COOH) was found to play an important role. Among the ligands studied, only the para-
coupled pABA showed capsid formation, eg., when compared with ortho- and meta-coupled
molecules oABA or mABA. In the latter ones, the H-bonds between the ligands of the
neighbouring nanoparticles would be suppressed due to steric effects. The formation of
multilayered shells is attributed to the polydispersed nature of building blocks. The rapid
aggregation of the nanoparticles in apolar 1,2-DCB solvent is expected due to low dielectic
constant. By contrast to aq. gold nanoclusters, where a balance between attraction and repulsive
forces were achieved to obtain ordered structures with ligands partly in the salt form, the cobalt

nanoparticles experience solely strong H-bonding dimerization.
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In the following section we will describe our new findings on the effect of ligand
structure on capsid morphology. For this, 6-amino-2-naphthoic (denoted as pANA, Figure 1c¢)

acid was chosen, since the position and orientation of amino and carboxylic acid groups

resemble that of pABA.

Figure 9. Cylindrical capsids based on Co-pANA. a) Low magnification TEM micrograph. b)
TEM of a cylindrical capsid, also showing another rod-like assembly in the interior. ¢) 3D
structure of capsid resolved using ET reconstructions. d and e) The lateral and vertical views
of the capsid showing 20 nm thick shell and the interior rod-like assembly, 50 nm in diameter.

e) Schematic representation of a cylindrical capsid encapsulating rod-like assembly.

The synthesis was performed similarly as that of Co-pABA reported earlier (see
Supporting Information for details).l’ Interestingly, the TEM micrographs of the samples
prepared from the reaction mixture revelead predominantly cylindrical capsids (Figure 9).
Curiously, the capsids contain rod-like nanoparticle assembly (d~50 nm) in the interior (Figure
9b). A systematic analysis using ET revelead that the capsids are composed of shells consisting
a few layers of nanoparticles (~20 nm thick) with an average length of 200 nm and diameter of

100 nm (Supporting Information, Figure S2, Video S3). The sizes of the individual building
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blocks were similar to those of Co-pABA nanoparticles. The determination of magnetic
properties revealed the superparamagnetic behavior of the capsids (Figure S3). This suggests
that by careful ligand engineering the structure of the capsids can be tuned towards novel

assemblies.

7. Conclusions.

Colloidal self-assembly is a strongly growing area of research, where nanoparticle self-
assembly is one of the key areas. Like supramolecular chemistry has matured to offer a rich
toolbox to construct functional structures beyond the individual molecular scale, a challenge
would be to develop rational methods for supracolloidal chemistry, i.e. structures beyond the
colloidal scale using colloidal level building blocks. Various self-assembled superstructures
have already been shown mostly based on nanoparticles with various widths of their size
distributions and stabilizations by surfactant-like ligands. Still, one could expect that
unforeseen self-assemblies and related functions could be possible upon better control of the
polydispersity until atomic precision and using more functional ligands, beyond surfactants. In
this feature article we have provided a glimpse for the future new possibilities using some
elementary structures. We show that by providing exactly defined metal cores with exactly
defined number of ligands, also mediating supramolecular interactions between the
nanoparticles, spontaneous template-free self-assembly to 2D colloidal materials becomes
possible if a "gentle" and slow processing is selected to allow sufficient time to suppress defects.
This follows from the slightly surprising observation that the ligand architecture around the
nanoparticles is not necessarily isotropic but can involve a broken symmetry from isotropic
arrangement to directional "patches" to increase the supramolecular interactions in 2D. To
exploit such properties in more generally, much deeper understanding has to be developed to
understand and control the ligand structures on nanoparticles. One can next relieve conditions

from the nanoparticle atomic precision and slow processing. If slow processing is relieved,
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defects are more prone, thus leading to curvature and further to closed shells, i.e. capsids. On
the other hand, relieving the condition of exactly defined size until narrow polydispersity,
capsids with H-bonding ligands are similarly formed due to inherent packing problems. Higher
order structures can be achieved by imposing external fields, which can direct arrangements of
the capsids, whereupon hydrogen bonds between the capsids become activated in the directions
of the nanoparticle close contacts, thus stabilizing the higher order structures even by removing
the external fields. Finally, we provide an example, how the anisotropic colloidal interactions
of H-bonding nanoparticles can direct colloidal self-assemblies of eg. nanorods. The examples
discussed in this article include 2D nanosheets, composite bilayers, spherical-, ellipsoidal-, and
rod-like capsids with potential application as porous colloidal framework materials. Further,
nanoclusters possess unique and tunable optical properties (e.g. luminescence), catalytic
activities and low in-vivo toxicity compared to large plasmonic nanoparticles.[8] Therefore, we
foresee that combining these properties with 2D self-assembly or capsid shells will pave way
for new sensors for imaging, selective carriers or nanoconfinement delivery vehicles. Further,
in materials science point of view, the 2D assemblies can be utilized in combination with other
2D nanosheets such as metal chalcogenides to enhance the electrocataltyic activity.[”] Such
hybrid materials hold promise for hydrogen generation via water splitting for future energy
storage applications. We strongly believe that the knowledge obtained from such studies will
advance the rational design of colloidal assemblies in general towards new generation of

supracolloidal functional materials.
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